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Introduction. — Corn  smut,  caused  by  Ustilago 
maydis  (DC.)  Cda..  has  been  of  tremendous  interest 
to  biologists  and  to  farmers  for  more  than  250  years. 
Smut  galls  are  often  large  and  conspicuous  and  corn 
smut  has  been  a  subject  of  many  observations,  spec- 
ulations, and  superficial  as  well  as  intensive  investiga- 
tions. In  spite  of  the  interest  which  has  been  main- 
tained for  so  long,  the  complete  life  history  of  U. 
maydis  was  not  known  until  1927  when  the  sexual 
stage  was  discovered.  Even  now  it  is  not  definitely 
known  when,  where,  and  how  most  of  the  infection 
occurs.  Therefore,  it  is  not  surprising  that  much  of 
the  literature  dealing  with  etiology,  ecological  rela- 
tionships, epiphytotics.  and  practical  control  contains  a 
vast  array  of  confusing  and  often  contradictory  state- 
ments. 

The  fungus  is  nearly  ideal  as  a  tool  in  basic  scien- 
tific studies  and  for  elucidating  principles  of  mycology, 
plant  pathology,  genetics,  and  plant  physiology.  This  is 
indicated  by  the  large  number  of  publications  on  muta- 
tion, inheritance,  and  physiological  studies  on  the 
fungus  and  on  the  inheritance  of  resistance  to  corn 
smut. 

U.  maydis  is  of  special  genetic  interest  because  it 
is  usually  heterothallic  or  occasionally  homothallic  and 
consists  of  an  indefinite  number  of  haploid  and  diploid 
biotypes.  Further,  the  organism  is  not  static,  but  dy- 
namic; new  biotypes  are  constantly  arising  by  hybrid- 
ization and  by  mutation  in  both  the  haploid  and  diploid 
stages;  meiosis  may  occur  in  both  the  vegetative  and 
sexual  stages.  The  magnitude  of  genetic  variation  is 
indicated  by  the  fact  that  in  laboratories  of  the  Uni- 
versity of  Minnesota  alone  more  than  15.000  different 
biotypes  have  been  isolated  and  studied   (282). 

History. — It  is  generally  believed  that  U.  maydis 
was  native  to  the  Western  Hemisphere  and  was  carried 
to  southern  Europe  by  the  early  Spanish  explorers. 
Although  it  was  observed  in  Europe  about  1750,  it  was 
not  reported  from  the  U.S.  until  1822  when  Schweinitz 
published  his  first  list  of  American  fungi  (293).  Ac- 
cording to  Arthur  and  Stuart  (5),  the  earliest  European 
records  of  the  fungus  are  by  the  French  biologists 
Bonnet  (1754),  Aymen  (1760),  and  Tillet  (1766). 

According  to  Hitchcock  and  Norton  (143),  Aymen 
reported  that  all  the  flowers  of  the  tassel  were  smutty 
and  that  these  were  the  source  of  the  disease.  He  con- 
cluded, therefore,  that  when  a  smutty  ear  also  con- 
tained sound  kernels  it  had  been  fertilized  by  the  pollen 
of  a  healthy  plant. 

In  1760-61.  Tillet  (335)  started  a  detailed  investiga- 
tion of  corn  smut  in  fields  in  Agoumori,  a  province  in 
southern  France.  Five  years  previously  in  1755,  Tillet 
had  demonstrated  conclusively  that  stinking  smut  of 
wheat  could  be  induced  by  inoculating  the  seed  with 
Tilletia  sp.  (see  98).  Therefore,  he  dusted  the  kernels 
of  corn  with  chlamydospores  of  U.  maydis  before  plant- 
ing, but  to  his  great  surprise  no  smut  developed.  Con- 
sequently, he  concluded  that  corn  smut  was  not  a 
contagious  disease  like  stinking  smut  of  wheat,  but  was 
caused  by  an  excessive  amount  of  sap  which  accumu- 
lated in  certain  parts  of  the  plant  and  then  induced 
excessive  dilation  of  cellular  tissue. 

During  the  next  140  years,  other  attempts  were  made 
to  induce  corn  smut  galls,  but  all  were  unsuccessful 


(5,  34,  335).  Therefore,  it  is  not  surprising  that  some 
of  the  leading  biologists  for  many  years  accepted  and 
perpetuated  the  theory  that  stagnation  of  sap  or  exces- 
sive sap  was  the  cause  of  corn  smut  (25,  339).  Others 
attributed  the  smut  galls  to  fogs,  dews,  rains,  too  rich 
soil,  or  too  much  raw  manure  (5,  335).  Still  others 
considered  the  galls  spontaneous  abnormalities,  mon- 
strosities. Bonnet  (26)  concluded  that  insects  depos- 
ited some  irritating  substance  which  caused  the  sap  to 
flow  to  injured  parts  thus  producing  the  galls. 

Corn  smut  was  not  recognized  as  caused  by  a  fungus 
until  about  the  early  part  of  the  nineteenth  century 
even  though  Beckmann  (17)  called  it  a  puff  ball  and 
named  it  Lycoperdon  zeae  in  1768.  In  1836.  Unger 
(339)  recognized  it  as  a  fungus  and  named  it  U.  zeae; 
but  just  3  years  previously,  in  1833,  he  stated  that  a 
young  smut  gall  contained  nothing  but  large  cells  filled 
with  raw  sap. 

Bonafous  (25),  in  1836,  also  considered  the  smut  a 
plant  and  recorded  some  interesting  accounts  of  inoc- 
ulation experiments  (Fig.  1).  He  stated  that  Bayle- 
Barelle  at  the  botanical  garden  in  Pavia.  Italy,  obtained 
no  smut  when  the  powder  from  tumors  was  used  to 
inoculate  seed  or  the  medullary  body  of  stalks,  nodes, 
roots,  and  parenchyma  of  leaves.  Apparently,  the  host 
tissue  was  injured  considerably  in  these  tests  because 
when  the  spores  were  introduced  into  vigorous  stalks, 
without  breaking  the  epidermis,  smutty  plants  were 
produced.    Bonafous   could   not   confirm   these   results. 

Beginning  about  1850,  de  Bary  (10),  Tulasne  and 
Tulasne  (337),  Meyen  (225),  Wolff  (364),  Fischer  von 
Waldheim  (99),  Kiihn  (190),  and  others  attributed 
the  smut  galls  to  fungus  infection,  but  failed  to  prove 
it.  It  was  not  until  1883-95  that  Brefeld  (34,  35.  36) 
demonstrated  beyond  doubt  the  infective  nature  of  V. 
maydis.  He,  too,  failed  to  get  infection  by  inoculation 
of  seed;  but  induced  infection  by  spraying  the  corn 
plant  with  a  suspension  of  sporidia  and  by  dropping 
sporidial  suspensions  into  the  spiral  whorl  of  the  corn 
plant.  Brefeld  (34)  also  proved  that  any  young  meri- 
stematic  tissue  above  the  ground  was  subject  to  infec- 
tion. Previously,  he  had  demonstrated  for  the  first  time 
(35)  that  the  corn  smut  fungus  could  be  propagated 
indefinitely  on  nutrient  substrates,  including  manure 
decoction. 

Bessey  (20)  in  Nebraska.  Hitchcock  and  Norton 
(143)  in  Kansas,  Arthur  and  Stuart  (5)  in  Indiana. 
Clinton  (60)  in  Illinois,  and  Bessey  (19)  and  Pammel 
(246)  in  Iowa  were  among  early  workers  in  the  U.S. 
to  make  noteworthy  contributions  to  our  knowledge  of 
corn  smut.  At  the  end  of  the  nineteenth  century 
numerous  semipopular  publications  appeared  on  losses, 
control  practices,  and  on  toxicity  of  smuts  to  animals. 
The  more  recent  publications  dealt  mostly  with  basic- 
studies  on  the  ecology,  physiology,  and  genetics  of  I 
maydis  and  on  the  inheritance  of  resistance  of  corn  to 
smut  (55,  145,  158,  267,  283.  314,  317). 

Botanical  Name. — Considerable  diversity  exists  in 
the  literature  in  the  use  of  botanical  names  for  the 
common  corn  smut  fungus.  Beckmann  (17).  in  1768. 
called  it  Lycoperdon  zeae  because  the  smut  spores  re- 
sembled those  of  a  puff  ball.  Next,  the  smut  fungus 
was  placed  in  the  form  genus  Uredo  or  Caeoma  along 
with  the  rusts. 
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FigT.  1.  Reproduction  of  the  color  plate  XYIII  of  corn  smut  by  Bonafous  in  1836  (25).  A  translation  of  Bonafous' 
legend  to  this  plate  (objects  from  left  to  right)  follows:  Fig.  1.  Ear  with  many  kernels  which  have  become  mon- 
strous and  deformed  by  the  effect  of  the  smut.  Fig.  2.  No.  1,  2,  3,  4,  5,  6,  7.  Different  kernels  of  corn  still  recognizable 
and  variously  affected  by  smut:  we  see  that  they  can  be  attached  from  above,  from  below,  from  the  sides,  and  in 
many  places  at  the  same  time.  Fig.  3.  No.  8,  9,  10,  11.  Here,  the  kernels  of  corn  have  entirely  lost  their  form;  and 
the  progress  of  the  smut,  by  increasing  their  volume  and  by  deforming  them,  has  transformed  them  into  hollow 
bodies  filled  with  fibers  and  black  powdery  grains;  No.  11  wh'ch  is  a  horizontal  section,  shows  the  interior  aspect 
of  one  of  these  bodies  which  has  become  monstrous.  Fig.  4.  Another  section  showing  the  same  interior  aspect. 
Fig.  5.  Here,  a  smutted  kernel  is  beginning  to  decompose.  It  is  remarkable  that  the  smut  is  able  to  produce  an 
appearance  of  fibrous  tissue  in  a  corn  kernel  which,  in  its  normal  state,  only  has  a  cellular  tissue.  Fig.  6.  A  small 
mass  of  decomposed  cellular  tissue  from  a  monstrously  developed  kernel  whose  elementary  body  or  globulin,  according 
to  M.  turpins  system,  has  increased  in  volume  and  passed  from  a  white  color  to  a  brown  color.  Fig.  7.  Sometimes, 
a  few  of  the  vesicles  in  which  the  altered  globulin  is  distinguished  are  still  found  (a)  a  ruptured  vesicle  with  escaping 
globulins.  Fig.  8.  A  smutted  globulin,  enlarged.  Fig.  9.  A  vesicular  globule  still  more  enlarged,  in  the  interior  of 
which  we  see  some  very  fine  granulations,  with  a  more  opaque  circle  which  indicates  the  thickness  of  the  vesicle. 
Fig.  10.  A  portion  of  tissue  taken  in  a  healthy  leaf  and  in  which  we  find  in  (a)  the  epidermis  or  cuticle,  trans- 
parent and  colorless  membrane;  (b)  a  very  elegant  network  composed  of  a  filament  arranged  in  a  zig-zag;  (c)  sto- 
mata ;  (d)  vesicles  containing  an  abundant,  green  globulin  which  is  capable  of  altering  itself  and  of  converting 
itself  into  the  black  dust  of  the  smut;  (e)  a  ruptured  vesicle  with  the  escaping  globulin.  The  two  envelopes  of  the 
kernel,  in  becoming  monstrous  and  in  taking  a  sac-like  development  also  give  rise  to  a  black  smutted  globulin.  The 
diameter  of  the  smutted  globulin  is  1/200  of  a  millimeter.  Like  all  the  diseased  globulin,  these  globules  are  remarkable 
by   the   uniformity    of    their   size.    (Transl.    by    Claude    C.    Bernier.) 


In  1836.  Unger  (340  I  recognized  it  as  a  fungus  and 
named  it  Ustilago  zeae.  Until  recent  years,  this  name 
was  used  most  extensively  by  most  investigators.  In 
1944.  Stevenson  and  Johnson  (326)  stated  that  U. 
maydis  (DC.)  Cda.  is  the  correct  binomial,  according 
to  the  International  Rules  of  Botanical  Nomenclature. 
This  binomial  is  currently  used  by  most  plant  pathol- 
ogists (98). 

The  synonyms  for  U.  maydis  were  taken  primarily 
from  publications  by  Clinton  (61),  Fischer  (96),  and 
Stakman  (305). 

Syno7iy  my. —Ustilago    maydis    (DC.)    Cda..    Icones 

Fung.  5:3.  1842. 
Ustilago  carbo-maydis  Phillipar..  Traite  Caris  Charbon 

68.  1837. 
Ustilago  maydis  Lev.,  Ann.  Sci.  Nat.  II.  11:13.  1839. 
Lycoperdon  zeae  Beckm..  Hannov.  Mag.  6:1330.  1768. 
Uredo  segetum  var.  mays-zeae  DC,  Fl.  Fr.  2:596.  1805. 
Uredo  zeae-mays  DC,  Syn.  PI.  Fl.  Gall.,  p.  47.  1806. 
Uredo    segetum    f.    zeae-maydis    DC.    Encycl.    Meth. 

Botan.  8:229.   1808. 
Uredo  maydis  DC.  Fl.  Fr.  6:77.    1815. 
Uredo  zeae  Schw.,  Schr.  Nat.  Ges.  Leipzig  1:71.    1822. 
Caeoma  zeae  Link.,  Sp.  Plant.  2:2.    1824. 
Erysibe   maydis    (DC.)    Wallr..   Fl.    Crypt.    Germaniae 

2:215.  1883. 
Ustilago  zeae  (Schw.)  Ung.,  Einfl.  Bodens,  p.  211.  1836. 
Ustilago  schweinitzii  Tub,  Ann.  Sci.  Natl.  Botan.  7:86. 

1847. 
Ustilago  zeae-mays  Wint..  Rabh.  Krypt.  Fl.  1 :97.   1881. 
Ustilago  euchlaenae  Archang..  Erb.  Critt.  Ital.  2:1152. 

1882. 
Ustilago  maydis  (DC.)   Cda.  f.  joliicola  Sacc,  Mycol. 

Ital.  1269.  1886. 
Ustilago   maydis   f.   androphila   D.   Sacc.   Mycol.   Ital. 

1270.   1886. 

Host  Range. — As  far  as  is  known,  U.  maydis  attacks 
only  2  species  of  plants:  Indian  corn  (Zea  mays  L.) 
and  teosinte  (Euchlaena  mexicana  Schrad. ). 

Losses. — Corn  smut  caused  by  U.  maydis  is  virtually 
world-wide  in  distribution.  It  may  be  found  wherever 
corn  is  cultivated,  except  in  Australia.  About  50  years 
ago.  U.  maydis  was  introduced  into  Australia,  but  it  has 


been  eradicated  (207).  Apparently,  corn  smut  is  most 
destructive  in  the  U.S.  where  it  often  causes  severe 
losses   (78,   160,   170.  341.  351). 

A  survey  of  literature  indicates  that  there  have  been 
marked  fluctuations  in  the  prevalence  and  economic 
importance  of  corn  smut  in  the  U.S.  Unfortunately,  in 
many  cases,  only  the  prevalence  of  smut  is  given  and 
not  the  losses  caused  by  it;  this  is  especially  true  of 
the   early    reports. 

The  economic  importance  of  corn  smut  was  not  fully 
recognized  until  the  latter  part  of  the  nineteenth  cen- 
tury. Losses  in  Wisconsin  in  1881  were  given  as  5-15% 
for  individual  fields  (132).  In  1884,  Bessey  (19)  in- 
dicated that  corn  smut  losses  in  Iowa  were  about  2% 
of  the  crop.  He  reported  the  loss  for  1  field  of  sweet 
corn  at  66%.  In  1897,  Selby  and  Hickman  (298)  re- 
ported fields  in  Ohio  that  contained  25-45%  smut- 
infected  plants  and  indicated  the  loss  to  be  about 
4.4%  of  the  crop.  Clinton  (60),  in  1900,  estimated  the 
loss  in  Illinois  at  0.5-5.0%.  The  average  annual  loss  in 
Illinois  between  1917  and  1937  is  given  as  2.3C/C  (341  ). 

In  1896,  Hitchcock  and  Norton  (143)  estimated  the 
average  corn  smut  infection  in  Kansas  at  6%.  Twenty- 
nine  years  later,  Potter  and  Melchers  (267)  reported 
that  fields  in  eastern  Kansas  with  30-50%  smut-infected 
plants  were  not  uncommon  and  that  fields  with  60- 
80%  infected  plants  were  common  in  semiarid  regions 
of  Kansas.  It  was  their  opinion  that  smut  infection  had 
become  much  more  prevalent  during  the  decades  be- 
tween 1900  and  1930  than  it  was  previously.  Until  the 
development  of  resistant  or  semiresistant  hybrids,  fields 
of  open-pollinated  corn  with  25-50%  infection  were  not 
uncommon  (78,  80,  158,  328).  In  Minnesota,  some  fields 
occasionally  had  more  than  70%  smutty  plants.  Today, 
although  more  than  700  hybrid  varieties  are  grown  in 
Minnesota,  one  seldom  encounters  fields  with  more 
than  5  or  10%.  infection,  usually  much  less.  Smut  is 
still  a  destructive  disease  on  sweet  corn.  It  not  only 
reduces  yield,  but  adds  to  difficulties  and  cost  in 
processing  of  sweet  corn. 

From  1918  through  1924.  the  annual  loss  in  yield 
from  corn  smut  in  the  U.S.  was  about  2.1%  (341). 
During  the  1920's.  smut  losses  ranging  from  5  to  10% 


were  frequently  reported  from  individual  states  (341). 
Until  about  1940.  losses  in  Minnesota  ranged  from 
3  to  10%  annually.  Now.  it  is  perhaps  less  than  1% 
for  field  corn  in  Minnesota,  but  much  more  for  sweet 
corn  and  similar  losses  also  occur  elsewhere  in  the 
U.S.  (78,  109). 

In  general,  most  estimates  of  smut  losses  have  been 
based  on  plainly  visible  infection.  Less  conspicuous 
galls  are  frequently  overlooked,  although  they  may 
often  reduce  yield  of  corn  materially,  especially  if 
multiple  galls  occur  on  the  same  plant  (161,  170). 
Therefore,  many  of  the  figures  presented  here  and  in 
early  publications  are  most  likely  underestimates  of  the 
actual  losses  incurred.  It  is  relatively  easy  to  approx- 
imate smut  losses  when  seedlings  are  killed  or  when 
stalks  are  so  severely  infected  that  ears  are  almost 
destroyed,  but  not  when  the  smut  galls  are  small  and 
more  or  less  hidden. 

A  number  of  investigators  (160.  161.  170.  176)  have 
found  that  yield  of  ear  corn  from  infected  plants 
varied  with  the  number,  size,  and  location  of  the  galls. 
On  the  average,  a  single  gall  reduced  ear  yield  about 
25%.  Multiple  galls  on  the  main  stalk,  including  the 
neck  (peduncle),  usually  were  more  destructive  than 
galls  of  similar  size  and  number  located  on  shoots  and 
suckers  (161,  170).  A  medium  or  large  gall  and  mul- 
tiple small  galls  located  on  a  main  stalk  frequently 
caused  the  plant  to  be  barren  (57,  105.  161.  176.  328). 
whereas  galls  on  shoots  and  suckers  seldom  did.  Small 
galls  on  the  ear  or  tassel  seldom  reduced  ear  yield 
significantly  whereas  large  galls  at  the  same  locations 
usually  caused  barren  stalks  or  severe  reduction  in  ear 
yield. 

Some  losses  from  smut  infection  may  be  indirect. 
Ears  produced  from  smutty  plants  usually  have  a 
poorer  luster  and  lower  quality  than  those  from  smut- 
free  stalks  (170,  328).  Michaelson  (227)  found  that 
plants  infected  with  U.  maydis  were  more  subject  to 
stalk  rot  caused  by  Diplodia  zeae  (Schw.)  Lev.  and 
Gibberella  zeae  ( Schw.  >  Petch.  than  smut-free  plants 
and  that  ears  of  smutted  plants  were  more  likely  to  be 
invaded  with  ear-rotting  fungi  than  those  from  smut- 
free  plants. 

Terminology. —  In  1847.  the  Tulasnes  (337)  called 
the  germ  tube  of  the  chlamydospore  a  "promycelium." 
The  primary,  asexual  spores  borne  on  the  promycelium 
were  designated  as  "sporidia,"  but  sometimes  they  also 
were  referred  to  as  "basidiospores."  Brefeld  (36)  called 
them  "conidia"  because  they  were  able  to  bud  like 
yeast.  Because  of  long  and  common  usage,  the  term 
sporidia  is  the  one  preferred  today  by  most  workers. 

The  reduction  division  and  segregation  of  factors 
normally  occur  in  the  promycelium.  Therefore,  sporidia 
are  often  spoken  of  as  "segregates"  (314).  They  are 
really  haploid  and  gametic  in  nature  and  are  not  exactly 
comparable  to  segregates  in  higher  plants.  Occasionally, 
meiosis  does  not  occur;  then,  the  sporidia  are  diploid. 
These  diploid  lines,  which  can  cause  infection  when 
injected  singly  into  corn  plants,  are  designated  as 
"solopathogens"    (54). 

The  parasitic  stage  is  usually  a  "dicaryon,"  i.e.,  the 
2  compatible  nuclei  of  opposite  sex  are  associated  to- 
gether in  a  cell.  Although  the  dicaryon  behaves  genet- 
ically  like   an   Fj    hybrid,    the   nuclei    are   not    fused; 


hence,  it  is  a  plasma-hybrid  and  not  a  zygote  (55).  The 
zygote  is  actually  restricted  to  the  chlamydospore.  In 
a  few  cases,  the  terms  "inbreeding"  and  "outbreeding" 
have  been  used.  By  "inbreeding"  is  meant  the  mating 
of  sporidia  from  the  same  promycelium.  By  "outbreed- 
ing" is  meant  the  mating  of  sporidia  from  different 
promycelia  (55).  This  usage  may  not  be  exactly  com- 
parable to  that  used  for  higher  plants  and  animals, 
but  indicates  more  clearly  than  any  other  terms  what 
actually  has  been  done. 

The  term  chlamydospore  deserves  special  considera- 
tion because  it  has  been  used  and  defined  differently 
by  mycologists  and  pathologists.  The  usage  of  chla- 
mydospores  in  smut  fungi  is  a  well-established  term  and 
has  come  to  have  definite  meaning  to  scientists  in 
different  fields  of  smut  investigations  (85,  106,  282, 
317.  333.  361).  Most  writers  on  smuts  from  about  1900 
to  the  present  day  use  the  term  chlamydospore.  During 
this  period,  however,  various  other  names  have  been 
given  to  the  smut  spores  produced  in  sori  and  galls. 
These  names  are  "gemmae."  "resting  spore,"  "brand- 
spore."    and    "teleutospore"    (now    "teliospore"). 

According  to  Fischer  and  Holton  (98),  the  use  of 
the  term  "chlamydospore"  is  fundamentally  incorrect 
because  a  chlamydospore  is  supposed  to  be  an  asexual 
spore.  This  statement  is  questionable  because  certain 
smuts  produce  sori  or  galls  that  contain  both  diploid 
and  haploid  chlamydospores  (146).  In  fact,  Rowell 
(280)  obtained  galls  of  U.  maydis  that  consisted  en- 
tirely of  haploid,  asexually  produced  chlamydospores 
that  were  morphologically  identical  to  true  diploid 
chlamydospores  of  this  species.  In  U.  ischaemi  Fckl., 
also,  apparently  no  nuclear  fusion  occurs  (312). 

In  nature,  it  is  not  uncommon  for  chlamydospores 
of  U.  maydis  and  also  of  U.  avenae  (Pers.)  Rostr.  to 
germinate  directly  and  cause  infection  without  the 
formation  of  promycelia  and  sporidia  (350,  354);  and 
thus  germinate  like  chlamydospores  of  other  fungi. 
Further,  similar  types  of  germination  may  well  occur 
in  other  smut  fungi.  Moreover,  the  nuclear  condition 
of  so-called  chlamydospores  that  are  produced  in 
culture  may  be  either  haploid  or  diploid;  and  it  is 
possible  that  some  are  even  dicaryotic.  Surely  these  are 
not  teliospores ! 

Finally,  the  terms  chlamydospore  and  teliospore  were 
used  long  before  their  sexual  function  was  ascertained. 
These  2  terms  were  derived  primarily  on  the  basis  of 
spore  formation.  Even  today,  this  is  used  as  a  cri- 
terion for  separating  the  rusts  from  smuts  (1 ).  Further, 
no  one  has  made  a  thorough  study  of  nuclear  condi- 
tions or  method  of  germination  of  chlamydospores  in 
the  other  fungi  and  the  need  for  such  a  study  should 
be  apparent. 

Because  of  the  confusion  that  exists  in  regard  to  the 
nuclear  condition  in  chlamydospores  and  because  of 
the  well-established  usage  of  the  term  chlamydospore 
in  the  smuts,  the  writer  prefers  to  retain  the  usage  of 
chlamydospore  in  this  paper.  If  a  change  in  name  is 
really  desirable,  however,  then  the  older  name  "brand- 
spore"  which  is  still  in  common  use  in  Europe,  includ- 
ing Great  Britain,  would  be  a  more  appropriate  one 
than  teliospore  (144).  "Brandspore"  has  the  flawless 
attributes    of    meaning    a    smut    spore    and    implying 
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Fig.  2.  Diagram  illustrating  the  life  cycle  of  Vslilago 
maydis.  There  are  many  types  of  deviation  from  the  one 
given,  especially  in  germination  of  chlamydospores  and  mei- 
osis   (by  C.  M.  Christensen). 

nothing  about  nuclear  condition,  mode  of  formation, 
nature  of  germination,   or  function   in  the  life  cycle. 

The  smutty  overgrowth  produced  by  U.  maydis  on 
corn  (Z.  mays  L.)  and  teosinte  (E.  mexicana  Schrad.) 
has  been  called  by  several  common  names:  boil,  blister, 
excrescence,  gall,  pustule  tumor,  sorus.  and  swelling. 
Until  about  1900.  the  term  pustule  was  not  uncommon 
in  the  U.S.A.  and  blister  is  still  commonly  used  in 
certain  European  countries  (237).  Although  boil  is 
still  used  frequently,  the  term  gall  is  used  most  com- 
monly,  particularly   in   the   U.S.A. 

Life  History. — The  life  cycle  of  U.  maydis  is  com- 
pleted in  most  cases  every  time  it  passes  through  the 
host.  Three  distinct  nuclear  phases  occur  in  the  life 
history  of  U.  maydis:  the  diplophase.  haplophase,  and 
dicaryophase.  This  involves  karyogamy.  meiosis,  and 
plasmogamy.  Consequently,  a  collection  of  chlamydo- 
spores does  not  represent  a  pure  breeding  population. 
The  diploid  stage  is  normally  restricted  to  the  mature 
chlamvdospore  and  ends  when  the  spore  germinates 
(Fig.  2). 

Chlamydospores  are  produced  in  vast  numbers  in 
smut  galls  on  corn  and  teosinte.  The  spores  overwinter 
on  the  ground,  especially  in  galls  and  in  plant  parts. 
The  smut  galls  are  more  or  less  repellent  to  water; 
therefore,  the  chlamydospores  may  appear  perfectly 
dry  in  the  spring  although  the  gall  may  be  lying  on 
wet  ground.  Of  course,  this  may  not  necessarily  occur 
in  moist  and  humid  regions.  The  galls,  at  least  the 
greater  portion  of  them,  persist  until  the  crop  is 
harvested.  Some  galls  are  broken  off  by  mechanical 
means  and  fall  to  the  ground;  and  chlamydospores  may 
be  washed  off  by  rain,  scattered  by  farm  machinery. 
perhaps  by  insects,  and  readily  by  wind. 

Usually,  the  diploid  chlamvdospore  germinates  by 
the    formation    of    a    promycelium    on    which    haploid 


Fig.  3.  Germinating  chlamydospores  of  L'stilago  maydis 
producing  secondarv  sporidia  in  nutrient  media  (Brefeld, 
34). 

sporidia  are  borne  (Fig.  3).  The  sporidia  germinate 
and  can  be  readily  propagated  on  artificial  substrates 
and  also  in  the  moisture  that  collects  in  axils  and  in 
whorls  of  corn  leaves.  U.  maydis  is  heterothallic;  the 
parasitic  stage,  which  is  the  dicaryophase,  is  initiated 
by  the  fusion  of  sporidia  or  mycelia  of  opposite  sexes, 
usually  in  the  host.  Chlamydospores  also  may  give  rise 
directly  to  germ  tubes.  The  germ  tube  penetrates  only 
the  tender  tissues  and  infection  is  termed  local. 

In  the  host,  the  dicaryophase  usually  persists  until 
the  formation  of  chlamydospores.  When  young  develop- 
ing galls  are  subjected  to  very  high  humidities,  how- 
ever, the  dicaryotic  mycelium  in  the  host  may  give  rise 
to  chains  of  aerial  haploid  sporidia:  and.  if  the  vege- 
tative mycelium  is  diploid,  the  sporidia  are  diploid. 
These  chains  of  aerial  sporidia  are  readily  disseminated 
by  air  currents  and  driving  rains  and  also  may  be  an 
important  source  of  inoculum.  In  culture,  dicaryons  do 
not  persist  because  the  nuclei  usually  dissociate,  result- 
ing again  in  the  original  haploid  lines.  M.  15.  Moore 
•  unpublished  data.  University  of  Minnesota)  appar- 
ently isolated  dicaryotic  hyphae  from  a  living  corn 
plant.  At  least  the  hyphae  he  isolated  were  stout,  con- 
torted, and  grew  slowly  on  potato-dextrose  agar. 

Symptoms. — U.  maydis  may  produce  several  morpho- 
logical changes  in  plants  of  corn  and  teosinte.  Smut 
galls  are  semifleshy,  consisting  of  the  smut  fungus 
intermixed  with  enlarged  cells  of  the  affected  organs 
of  the  host.  Young  galls  are  at  first  firm  and  light  in 
color  and  covered  with  semiglossy  peridium  which 
turns  black  as  the  gall  matures.  When  the  membrane 
dies,  it  usually  cracks  open,  exposing  the  dry  powdery 
spores  (Fig.  4  I. 

The  mature  gall  is  rather  spongy;  but  sometimes  a 
portion  of  the  gall,  or  the  entire  gall,  may  become  firm. 


Fig.  4.  Ears  and  tassel  of  corn  affected  with   smut.   V 

apparently  because  of  infection  by  bacteria  and  certain 
fungi.  Further,  species  of  Rhizopus,  Mucor,  Aspergillus. 
Penicillium,  and  other  genera  are  not  uncommon  in 
corn  smut  galls. 

Smut  galls  may  develop  on  any  part  of  the  plant 
above  ground,  wherever  the  pathogen  encounters 
meristematic  tissue.  Galls  are  usually  most  prevalent 
on  ears,  tassels,  stems,  and  nodal  shoots.  On  certain 
varieties,  leaf  infection  is  also  very  common,  especially 
on  or  near  the  midrib,  at  the  junction  of  the  leaf- 
sheath  and  the  blade.  Galls  may  occasionally  occur  on 
brace  roots,  but  they  have  never  been  reported  on 
underground  roots. 

The  galls  vary  from  minute  sizes  to  several  cm 
diam.  occasionally  reaching  the  size  of  a  man's  head. 
The  size,  the  shape,  and  the  degree  of  proliferation 
depend  to  a  considerable  extent  on  the  location  of  the 
gall  on  the  plant  and  the  susceptibility  of  the  host  and 
also  on  the  virulence  of  the  culture  of  smut   (Fig.   5). 

Leaf  galls  differ  greatly  in  size  and  texture.  The 
large  ones  occur  most  frequently  on  the  leaf  sheath, 
while  on  the  blade  they  are  most  numerous.  Although 
the  galls  on  the  blade  are  usually  small,  they  may  be 
large  and  extend  many  cm  along  the  midrib,  sometimes 
more  than  half  the  length  of  the  leaf.  Many  of  the 
very  small  leaf  galls  remain  firm  and  frequently  con- 
tain few.  if  any.  spores.  Adjacent  tissue  often  becomes 
chlorotic  and  develops  anthocyanin.  the  extent  depend- 


stilago    maydis    (Stakman,    310). 

ing  on  the  race  of  smut  and  on  the  variety  or  line  of 
corn   ( 54.   59.  311). 

The  smut  galls  on  the  main  stalk  occur  most  com- 
monly just  above  the  nodes,  but  they  may  arise  on  any 
portion  of  the  stalk.  Although  galls  located  on  the 
stalks  may  be  rather  large.  20-30  cm  diam.  they  are 
usually  attached  to  stems  for  only  a  relatively  short 
distance.  2-5  cm.  They  vary  greatly  in  size  and  shape; 
sometimes,  they  are  distinctly  Iobed  or  convoluted. 

At  every  node  of  the  stem,  there  is  the  bud  of  a 
potential  shoot  ("ear).  These  frequently  become  in- 
fected and  often  give  the  appearance  that  infection 
actually  arose  from  the  stem.  Sometimes,  on  certain 
varieties,  these  shoot-galls  are  completely  enclosed  by 
the  leaf  sheath  and  may  then  only  be  observed  by 
stripping  back  the  leaves. 

In  the  ears,  the  ovaries  and  glumes  are  normally 
smutted  as  is  the  husk  sometimes;  but  apparently,  the 
cob  proper  and  the  silk  are  seldom,  if  ever,  involved. 
Sometimes,  the  entire  pistillate  inflorescence  may  be 
converted  into  a  huge  smut  gall.  The  husks  in  many 
cases  are  pushed  apart  or  broken  through,  exposing  the 
black  smut  mass  (Fig.  1.  4). 

When  tassel  flowers  are  smutted,  usually  each  floral 
organ  forms  a  small  gall  and  the  tassel  retains  its 
shape.  Sometimes,  virtually  the  whole  tassel  and  stalk 
below  the  tassel  are  converted  into  a  large  mass  of 
smut.    When    the   first    joint    below   the   tassel    "neck" 
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Fig.  5.  A)  Corn  plant  inoculated  with  Ustilago  maydis  by  the  hypodermic-syringe  method;  infection  involving 
almost  the  entire  plant.  B)  Xaturallv  infected  plant,  showing  shoot  and  leaf  infection  (Stakman  and  Christensen, 
311). 


becomes  infected,  the  peduncle  plus  the  tassel  fre- 
quently bends  sideways. 

Ovaries  are  sometimes  developed  in  the  tassel  of 
corn  and  may  produce  normal  seed.  Some  workers  be- 
lieve that  smut  infection  in  the  tassel  actually  stimu- 
lates the  development  of  ovaries  in  the  tassel.  Thus. 
it  renders  the  tassel  more  subject  to  additional  infec- 
tion. Because  of  the  similar  phenomena  in  U.  violiacae 
(Pers.)  Fckl..  this  seems  possible;  but  it  has  never  been 
substantiated  experimentally  (98).  So-called  tassel- 
ears,  common  in  certain  selfed  lines,  are.  in  general, 
very  susceptible  to  smut  infection. 

Young  corn  seedlings  are  very  susceptible  to  smut 
when  injected  with  the  smut  organism.  Seedling  infec- 
tion is  usually  expressed  by  severe  hypertrophy  of  the 
stem  and  leaves,  conspicuous  contortion,  and  eventual 
death  of  the  plant.  One  year,  at  St.  Paul.  Minn..  1-2% 
of  corn  seedlings  in  the  field  were  killed  by  the  smut 
fungus  (170).  This  was  unusual,  because  smut  galls 
are  seldom  observed  in  the  field  on  plants  until  they 
are  J^-l  m  tall.  Since  the  galls  produced  on  seedlings 
or  young  plants  are  usually  next  to  the  ground  where 
it  is  moist,  the  smutty  plants,  especially  infected  seed- 


lings, disintegrate  readily  and  thus  may  often  be  over- 
looked  (Fig.   6). 

litis  (  155).  in  1910.  reported  an  unusual  overgrowth 
of  an  infected  ear.  Virtually  every  kernel  was  trans- 
formed into  a  long  tube-like  structure  which  terminated 
in  slender  threads.  This  symptom  would  be  akin  to  ear 
infection  caused  by  Sphacelotheca  reiliana  ( Ktihn ) 
Clint.  This  species  also  attacks  corn  and  some- 
times spores  of  both  species  are  found  in  the  same 
smut  gall  (139).  It  is  possible  that  litis  (155)  was 
dealing  with  S.   reiliana   rather  than   V.   maydis. 

Several  investigators  (105.  158.  176)  have  found 
that  certain  selfed  lines  of  corn  have  a  tendency  to 
become  infected  at  definite  sites  on  the  plant,  such  as 
the  ear.  shoot,  neck,  or  tassel.  In  some  selfed  lines  of 
corn,  nearly  all  the  smut  galls  appear  at  the  first  node 
nearest  the  ground  line,  in  others  at  the  neck  of  the 
first  node  below  the  tassel,  and  in  still  others  mostly 
in  the  ear  (157).  Most  lines  of  corn,  however,  have 
generalized  infection,  resulting  in  galls  that  develop 
on  many  different  parts  of  the  plant.  The  reason  for 
the  specificity  in  location  of  the  smut  gall  is  not  def- 
initely known.   Selfed  lines  of  corn  in   the  field  react 
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Fig-.  6.  Young    corn    plants    severely   injured   by    Ustilago    maydis   and   prostrate    on    the    ground,    hence    subject    to 
rapid   disintegration    (Stakman   and    Christensen,   311). 


the  same  whether  inoculated  with  local  or  nonlocal 
smut  collections;  hence,  physiologic  races  do  not  appear 
responsible  (57).  There  is  some  evidence  that  certain 
morphological  characters,  i.e.,  lack  of  ligules  and  tight- 
ness of  husk,  may  be  involved  in  some  cases  (157,  193  I. 

Isolation  of  U.  maydis. — Cultures  can  readily  be 
obtained  by  streaking  chlamydospores  on  1-2%  potato- 
dextrose  agar  or  any  other  solid  nutrient  agar  favor- 
able to  the  growth  of  the  fungus.  If  the  smut  gall  is 
infested  with  other  microorganisms,  it  is  desirable  to 
soak  the  chlamydospores  for  20-50  hr  in  1%  copper 
sulfate  before  plating  them  on  nutrient  agar. 

The  method  of  isolating  single  chlamydospores  or 
sets  of  sporidia  is  simple  and  relatively  easy  with  a 
micromanipulator  (55,  79,  122).  A  good  method  is  as 
follows:  a  thin  fiat  film  of  clear  nutrient  medium  con- 
taining 2('f  agar  is  placed  on  the  surface  of  a  cover- 
glass.  With  a  dry  glass  needle  attached  to  a  micro- 
manipulator, a  chlamydospore  is  picked  up  from 
another  dry  cover-glass  previously  dusted  with  dry 
chlamydospores.  Then,  the  spore  is  transferred  to  a 
marked  spot  on  the  agar  film.  This  cover-glass  is  in- 
verted over  a  Van  Tiegham  cell  in  a  moist  chamber 
such  as  a  petri  plate. 

After  the  chlamydospore  germinates,  the  sporidia  can 
be  isolated  directly  from  the  promycelium  or  an  indi- 
vidual sporidium  can  be  drawn  away  from  the  promy- 
celium, along  the  surface  of  the  agar,  until  it  is  some 
distance  from  the  promycelium  and  other  sporidia.  The 
needle  then  is  pushed  into  the  agar  a  couple  of  times  to 
create  a  slight  depression  in  which  the  sporidium  might 
bud;  and,  also,  to  mark  the  location  of  the  sporidium 
(55).  The  isolated  sporidium  is  allowed  to  bud  for 
24-36  hr,  depending  on  the  kind  of  medium:  the 
temperature;   and,  to  some  extent,  on  the  rapidity  of 


growth  of  the  particular  line  of  smut.  From  these  small 
colonies,  sporidia  are  easily  removed  with  the  needle  of 
a  micromanipulator  to  another  sterile  drop  of  agar. 
From  the  colonies  produced  on  the  new  sets  of  cover- 
glasses,  transfers  can  usually  be  made  to  agar  slants 
within  about  2  days.  If  the  original  isolated  sporidia 
are  properly  spaced  on  the  agar  films,  they  can  be 
transferred  directly  to  agar  slants  (55).  The  sporidia 
are  normally  numbered  according  to  their  position  on 
the  promycelium.  The  sporidium  at  the  tip  of  the 
promycelium  is  usually  designated  no.  1  and  the  one 
nearest  the  spore,  no.  4. 

When  a  large  population  of  subcultures  is  desired, 
a  suspension  of  sporidia  is  sprayed  or  sown  on  the  dry 
surface  of  nutrient  agar  plates.  The  excess  liquid  can 
be  removed  and  kept  off  by  using  a  clay  drying  cover. 
This  keeps  the  small  colonies  from  flowing  together 
during  multiplication  of  the  sporidia   (203). 

In  order  to  reisolate  sporidia  from  mycelium  in  the 
host,  the  following  procedure  is  suggested.  Four-6  days 
after  inoculation,  leaves  of  corn  plants  on  which  there 
is  evidence  of  good  infection,  are  cut  off  and  disin- 
fected. They  are  dipped  in  70%  alcohol,  immersed  in 
mercuric  bichloride.  1:1,000  for  2-i  min.  dipped  in 
alcohol  again,  then  rinsed  in  sterile  distilled  water  or, 
better  still,  in  1  or  2%  solution  of  sodium  hypo- 
chlorite. Following  this  treatment,  the  leaves  are 
incubated  in  a  sterile  moist  chamber.  It  usually 
requires  3-4  days  for  aerial  sporidia  to  develop  on  the 
infected  parts.  The  individual  sporidia  can  be  isolated 
in  the  usual  manner. 

Spores. — Morphology  of  spores. — U.  maydis  is  a 
good  example  of  the  wide  diversity  that  can  exist  in  the 
size  and  shape  of  spores  within  a  smut  species  and  illus- 
trates the  need  for  an  adequate  sample  of  spores  in 
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describing  the  range  within  a  species.  Clinton  (61) 
described  the  chlamydospores  of  U.  maydis  as  ellip- 
soidal to  spherical,  more  or  less  irregular,  prominently 
but  rather  bluntly  echinulated,  and  usually  8-11  u,,  but 
occasionally  up  to  15  u  long.  Fischer  (97)  considers 
the  spore  mostly  globose  to  sub-globose,  light  olive 
brown,  and  chiefly  7-10  u  diam. 

Christensen  (55)  gave  the  average  size  of  700 
chlamydospores  taken  from  7  sources  as  8.2  u  ±  0.2 
x  9.0  ±  0.2  u.  The  length  varied,  however,  from  4.S  u 
to  30.7  u.  Chlamydospores  produced  by  different  iso- 
lates  differed   in   average   size    from    7.8  yi   x   8.5  u   to 

9.1  (i  x  10  u. 

Chilton  (52)  measured  100  chlamydospores  from 
each  of  21  crosses  and  recorded  big  differences  in  size 
of  chlamydospores.  He  found  an  association  between 
abnormally  large  chlamydospores  and  their  tendency 
to  germinate  abnormally,  i.e.,  by  promycelia  that  were 
distorted  and  often  autolyzed.  The  width  and  length 
of  the  abnormally  germinating  chlamydospores  varied 
from  9.1  u  x  9.7  (.i  to  S.l  ^i  x  11.7  u;  those  from 
normally   germinating   spores,    from    7.4  u    x    7.9  \i   to 

7.2  u  x  S.9  u.  On  the  basis  of  the  above  figures,  the 
size  of  chlamydospores  of  U.  maydis  may  differ  by 
more  than  30c'( . 

Chlamydospores  taken  from  very  small  galls  were 
frequently  angular,  very  irregular,  and  sometimes 
bizarre  in  shape. 

Sporidia. — The  length  of  sporidia  differs  greatly, 
especially  when  the  lines  are  grown  on  artificial  sub- 
strates. Christensen  (55)  measured  the  sporidia  from 
3  diploid  lines  and  4  haploid  lines.  The  average  length 
of  sporidia  of  a  given  line  varied  from  13.4  [i  to  28.9  u. 
depending  on  their  source.  Although  the  -sporidia  of  3 
of  the  4  haploid  lines  were  shorter  than  those  of  the 
3  diploid  lines,  the  sporidia  of  1  haploid  line  were 
longer  than  2  of  the  diploid  lines.  The  size  of  sporidia 
was  no  indication  of  their  nuclear  condition  (55).  The 
primary  sporidia.  those  produced  on  the  promycelium. 
were  usually  regular,  hyaline,  and  fusiform,  although 
these  also  may  differ  considerably  in  size  and  shape. 

X umber  of  spores  and  dissemination. — U.  maydis 
produces  an  enormous  number  of  both  chlamydospores 
and  sporidia  and  is  undoubtedly  the  most  prolific 
species  of  the  smut  fungi.  The  number  of  chlamydo- 
spores 'cm3  of  gall  tissue  has  been  estimated  at  2.5-6 
billion  (5.  56  i.  Thus,  in  a  single  smut  gall  of  medium 
size,  there  may  be  more  than  200  billion  spores.  Several 
galls  may  occur  on  a  single  corn  plant.  When  one  con- 
siders that  there  are  over  70  million  acres  of  corn  in 
the  U.S.A.  alone,  the  number  of  chlamydospores  pro- 
duced in  a  single  season  must  be  incomprehensibly 
large,  even  if  only  a  small  percentage  of  the  plants  are 
infected. 

The  number  of  sporidia  produced  also  must  be  very 
great,  for  when  chlamydospores  germinate,  the  promy- 
celium may  give  rise  to  4,  and  often  many  more, 
primary  sporidia.  These,  in  turn,  may  bud  and  continue 
to  produce  secondary  sporidia  in  chains  in  debris  and  in 
the  leaf  whorls  of  corn  plants.  A  single  sporidium  may 
''bud-off"  another  sporidium  in  about  3  hr.  Further,  as 
previously  indicated,  developing  smut  gall,  under  humid 
conditions,  may  produce  huge  masses  of  aerial  sporidia 
in  chains   (36.  55,  123). 


Dissemination  of  spores. — Both  chlamydospores  and 
sporidia  are  readily  disseminated  by  wind  and  have 
been  caught  at  high  altitudes  (318).  Over  a  2-year 
period.  Pady  (244.  245)  found  that  chlamydospores  of 
U.  maydis  were  common  in  the  air  through  the  year  in 
the  vicinity  of  Manhattan,  Kans..  but  never  in  large 
numbers.  C.  M.  Christensen  (unpublished  results.  Uni- 
versity of  Minnesota)  caught  chlamydospores  at  St. 
Paul.  Minn.,  at  intervals  throughout  the  year.  Wittich 
(560i  found  that  they  were  extremely  abundant  in  the 
fall.  During  a  smut  shower  in  1957.  he  caught  more 
than  170.000  chlamydospores/1.8  cm-  of  surface  area 
of  a  slide.  Unfortunately,  the  duration  of  the  slides' 
exposure  was  not  given. 

C.  M.  Christensen  (see  56)  estimated  the  rate  of  fall 
for  chlamydospores  of  U.  maydis  at  3.5  mm/sec.  a 
much  slower  rate  than  for  urediospores  of  Paccinia 
graminis  Pers..  which  are  sometimes  carried  hundreds 
of  miles  by  the  wind.  Therefore,  it  seems  likely  that 
chlamydospores  of  U.  maydis  also  may  be  carried  long 
distances  by  the  wind.  Smut  inoculum  and  its  dis- 
tribution do  not  appear  to  be  the  limiting  factor  in 
creating  an  epiphytotic  of  corn  smut  in  the  corn  belt 
of  the  U.S.A. 

Longevity  of  spores. — Chlamydospores  of  U.  maydis 
readily  overwinter  outside  under  different  conditions 
in  Minnesota.  Just  how  long  they  persist  in  a  more 
temperate  climate,  especially  in  regions  with  high 
humidity  and  frequent  rains,  is  not  known. 

Brefeld  in  1883  (34)  germinated  chlamydospores  of 
U.  maydis  that  had  been  stored  indoors  for  at  least 
8  years.  Piemeisel  (261)  did  the  same  with  5-year-old 
spores.  Benigni  (18).  in  Italy,  failed  to  germinate 
spores  that  were  more  than  3  years  old.  Fischer  (95) 
obtained  90%  germination  of  spores  after  2  years  of 
storage.  Chlamydospores  of  U.  maydis  from  several 
different  countries  also  retained  their  viability  for 
several  years  in  the  laboratory  at  Minnesota.  Chlamydo- 
spores taken  from  smut  galls  stored  over  winter  in  bulk 
lots  in  gunny  sacks  germinated  readily  the  next  summer. 
Just  how  long  chlamydospores  can  persist  in  nature 
when  mixed  with  soil  is  not  known. 

Very  little  is  known  concerning  the  factors  that  affect 
the  survival  of  sporidia.  Brefeld  (34)  concluded  that 
dry  sporidia  died  in  about  5  weeks,  whereas  Piemeisel 
(261)  desiccated  sporidia  for  5  months  without  ma- 
terially impairing  their  viability.  Alternate  freezing  and 
thawing  were  very  injurious  to  moist  sporidia,  but  were 
not  so  injurious  to  desiccated  sporidia.  Brefeld  (35) 
stated  that  sporidia  lost  viability  within  8  months  when 
in  continuous  culture,  whereas  Piemeisel  (261)  ob- 
tained good  infection  with  sporidia  maintained  for  8 
months  in  culture.  We  now  know  that  sporidia  can  be 
maintained  in  pure  culture  on  nutrient  media  for  an 
indefinite   period  by  transferring   them   periodically. 

Chlamydospores  and  sporidia  of  U.  maydis  are  readily 
killed  by  high  temperatures.  In  water,  they  are  killed 
within  15  min  at  52°C.  In  dry  heat.  5  min  at  103°C 
usually  is  sufficient  to  kill  them,  although  a  greater 
tolerance  to  high  temperatures  has  been  reported 
(5.  327).  In  culture,  the  fungus  growing  in  nutrient 
solution  is  killed  at  46 CC.  There  is  no  information  on 
the  effect  of  high  temperatures  on  spores  or  mycelium 
in  the   living  host.  But   the   fungus   can  be  stored  at 
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Fig.  7.  Camera-lucida  drawings  of  germinating:  chla- 
mydospores of  Ustilago  maydis,  showing  diverse  types  of 
germination    (Kernkamp   and   Petty,    182). 

about  10  C  for  a  year  or  two  without  losing  its 
viability. 

Chlamydospores  lose  their  viability  in  silage  after 
a  few  weeks  (260).  This  may  also  happen  when  they 
are  mixed  with  manure,  especially  if  fermentation  or 
heating  takes  place;  or  if  the  spores  come  in  contact 
with  destructive  agents  such  as  acids,  alkalies,  and 
antibiotics.  It  is  generally  assumed  that  sporidia  mul- 
tiply and  persist  in  nature  in  soil,  especially  in  soils 
rich  in  organic  material;  but  this  is  not  supported  by 
experimental  evidence.  In  fact,  Jackson  (167)  has 
shown  that  soil  prevents  chlamydospores  from  ger- 
minating. The  writer  has  obtained  similar  results  with 
many  types  of  unsterilized  soil. 

Germination  of  spores. — The  nature  of  chlamydo- 
spore  germination  depends  on  environmental  conditions 
and  the  genetic  makeup  of  the  race  of  smut.  Usually, 
when  a  chlamydospore  germinates  on  a  solid  nutrient 
medium,  it  produces  a  basidium  called  a  promycelium. 
During  the  growth  of  the  promycelium.  meiosis  occurs: 
and  then.  3  cell  walls  are  laid  down,  so  the  promy- 
celium eventually  contains  4  cells.  Each  of  the  4 
promycelial  cells  usually  contains  a  single  haploid 
nucleus  and  each  cell  gives  rise  to  at  least  1  sporidium. 

1)  Types. — Although  a  4-celled  promycelium  with  a 
sporidium  at  each  cell  is  usually  illustrated  in  most 
textbooks  in  mycology,  it  is  not  necessarily  the  most 
common  type.  Kernkamp  and  Petty  (182)  germinated 
chlamydospores  from  8  field  collections.  4  crosses  be- 
tween monosporidial  lines,  and  2  diploid  lines.  Twenty- 


five  different  types  of  germination  were  observed 
(  Fig.  7  ).  Some  of  the  more  common  types  were  promy- 
celia  with  1-8  cells,  promycelia  bearing  1  or  more 
hyphal  branches  instead  of  sporidia,  and  the  chlamydo- 
spore functioning  as  a  basal  promycelial  cell.  In 
general,  the  type  of  germination  was  associated  with 
the  specific  collection  of  smut  or  cross  indicating  ge- 
netic factors  were  involved.  Environment  also  affects 
type  of  germination;  thus,  Walter  (350.  351)  concluded 
that,  on  the  corn  plant,  chlamydospores  usually  ger- 
minated directly  and  penetrated  the  host  without  the 
formation  of  sporidia. 

2  )  Germination  in  water. — In  most  cases,  chlamydo- 
spores of  U.  maydis  germinate  poorly  or  not  at  all  in 
pure  water.  In  this  respect,  they  differ  sharply  from 
other  cereal  smuts.  Sometimes,  after  a  rest  period, 
they  germinate  fairly  well  in  water  (34,  305). 

Stakman  ( 305 )  found  that  the  promycelia  formed 
in  water  were  rather  slender  and  secondary  sporidia 
rarely  developed.  In  water,  the  promycelia  often  gave 
rise  to  germ  tubes.  Sporidia.  too,  tended  to  produce 
germ  tubes  on  a  non-nutrient  substrate  or  when  the 
nutrient  in  the  medium  approached  exhaustion.  Platz. 
Durrell,  and  Howe  (264)  obtained  good  germination  of 
chlamydospores  on  silicate  gel  and  collodion;  both  are 
non-nutrient  materials.  Clinton  (60)  also  obtained 
excellent  germination  in  water,  although  the  time  re- 
quired for  germination  was  longer  than  in  a  nutrient 
solution.  Chlamydospores  that  failed  to  germinate  in 
distilled  water  germinated  readily  when  a  trace  of 
sugar  or  a  small  bit  of  host  tissue  was  added  to  the 
water.  Apparently,  only  a  very  minute  quantity  of 
nutrient  material  is  essential  for  germination;  and  this 
may  account  for  some  of  the  inconsistencies  obtained 
in  germination  of  chlamydospores. 

3)  Germination  in  nutrient  solution. — Brefeld  (34), 
in  1883,  was  the  first  to  discover  that  chlamydospores 
germinate  exceptionally  well  on  nutrient  substrates.  His 
work  has  been  verified  many  times.  Without  difficulty 
the  writer  has  germinated,  on  nutrient  media,  chlamydo- 
spores taken  from  immature  galls.  In  nutrient  media, 
including  manure  decoction.  Brefeld  (34.  35)  found  that 
secondary  sporidia  were  produced  in  great  abundance 
and  continued  to  multiply  until  the  nutrient  material 
was  exhausted.  Brefeld's  work  indicated  that  chlamydo- 
spores germinate  readily  in  the  sterilized  soil,  especially 
in  that  containing  manure;  and  that  such  a  substrate 
was  conducive  to  growth  of  secondary  sporidia.  Since 
then,  many  control  measures  have  been  recommended 
on  the  basis  of  his  pioneer  work.  There  is,  however,  no 
adequate  experimental  evidence  that  chlamydospores 
germinate  readily  or  that  the  sporidia  bud  extensively 
in  soil  or  manure  in  the  field.  Mrs.  Edith  Jones  (175). 
in  1923.  found  that  chlamydospores  in  most  cases  ger- 
minated rarely  in  unsterile  soil,  particularly  those  con- 
taining barnyard  manure.  This  is  also  in  accord  with 
the  writer's  findings.  In  nature,  there  are  many  physical, 
chemical,  and  biological  factors  that  may  inhibit  spore 
germination  and  sporidial  multiplication.  Many  of  these 
inhibitors  are  apparently  removed,  at  least  in  part, 
when   the   material   is   sterilized. 

4 )  Effect  of  temperature. — Temperature  has  a  tre- 
mendous effect  on  the  percentage,  rapidity,  and  type 
of  germination  of  chlamydospores.   Maire    (209)    indi- 
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cates  that  optimum  temperature  for  germination  of 
chlamydospores  lies  between  20'  and  25  C.  This  was 
also  the  most  favorable  temperature  for  sporidial  and 
mycelial  development. 

Mrs.  Jones  (175)  obtained  somewhat  different  re- 
sults: the  optimum  temperature  was  between  26"  and 
34  C.  maximum  between  56:  and  38°C,  and  spores 
germinated  to  a  slight  extent  at  ST.  which  is  not 
necessarily  the  minimum.  Hiittig  (153)  found  the  car- 
dinal temperatures  for  germination  to  be:  minimum 
OC.  optimum  between  20  and  50  C,  and  maximum 
just  below  35°C.  Temperature  may  also  greatly  modify 
the  type  of  germination.  Thus,  at  about  0  C.  Hiittig 
found  that  there  was  a  tendency  for  chlamydospores  to 
bud  off  sporidia  or  hyphal  segments  rather  than  pro- 
duce normal  promycelia.  At  50  C.  the  promycelia  fre- 
quently gave  rise  to  hyphal  branches  instead  of 
sporidia.  Mrs.  Jones  (175)  also  noted  less  sporidial 
production  at  the  higher  temperatures.  The  length 
of  promycelia  may  also  be  materially  influenced  by 
temperature. 

The  rapidity  of  germination  is  of  course  closely  asso- 
ciated with  temperature.  Hiittig  (153)  found  that  the 
most  rapid  germination  occurred  at  the  higher  tem- 
peratures. Thus.  96ct  of  spores  germinated  at  50C  in 
12  hr  and  only  40%  at  10  C  in  16  hr.  Mrs.  Jones  (175) 
obtained  somewhat  similar  results.  Under  favorable 
conditions,  the  first  crop  of  sporidia  will  be  produced 
in  12-16  hr;  the  second  crop  usually  requires  only 
4-6  hr. 

In  general,  the  most  favorable  temperatures  for  bud- 
ding and  growth  of  sporidia  lie  close  to  optimum 
temperatures  for  chlamydospore  germination.  The  max- 
imum for  budding  of  sporidia  is  about  40  C.  but  at 
this  temperature  chlamydospores   do  not   germinate. 

5  i  Special  stimulants. — Plazt.  ct  al.  i  264  i  concluded 
that  crushed  plant  tissue  stimulated  spore  germination 
because  the  material  liberated  carbon  dioxide.  They 
indicated  that  an  atmosphere  with  15%  C02  was  opti- 
mum for  spore  germination,  whereas  an  amount  above 
this  percentage  was  inhibitory.  They  also  found  the 
optimum  pH  for  germination  to  lie  between  4.9  and 
5.6.  The  minimum  and  maximum  pH's  for  germination 
have  not  been  recorded.  Itzerott  (162  i  reported  a  pH 
of  4.4  as  optimum  for  germination,  minimum  pH  2.2. 
and  maximum  pH  8.5. 

Leszczenko  i  197  i  found  that  certain  inorganic  and 
organic  salts  and  alkalies  could  stimulate  germination 
of  chlamydospores.  He  attributed  this  to  an  increase  in 
the  permeability  of  the  spore  wall. 

Schmitt  ( 290 1  states  that  ultraviolet  irradiation  of 
chlamydospores  retarded  germination  and  the  delay 
increased  with  the  dosage.  Pichler  and  Wciber  i  259  i 
also  reported  an  injurious  effect  of  ultraviolet  irradia- 
tion, whereas  Kommedahl  (186)  obtained  only  a  little 
effect  from  beta  irradiation  by  the  use  of  radiophos- 
phorus  in  KTL.PO.,.  Platz  1 262  i  failed  to  germinate 
chlamydospores  when  they  were  completely  immersed 
in  media  and  kept  in  air-tight  vials. 

Most  of  the  studies  made  on  effect  of  passing 
chlamydospores  through  the  alimentary  tract  of  ani- 
mals involved  species  of  smuts  other  than  U.  maydis. 
Cugini  (68),  in  1S91.  found  that  spores  of  U.  maydis 
remained  viable  after  passage  through  the  alimentary 
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Fig.  8.  Reaction  of  a  selfed  line  of  corn  to  2  physio- 
logic races  of  I ' stilago  maydis  (Stakman  and  Christen- 
sen,  311). 

tract  of  cows,  whereas  Arthur  and  Stuart  (  5  i  claimed 
they  were  not  viable.  Ficke  and  Melchers  (94),  in 
1929.  found  that  the  passage  of  spores  of  U.  maydis 
through  the  digestive  tract  of  horses  and  cattle  rendered 
almost  all  spores  nonviable.  Their  work  indicated  that 
most  of  the  spores  lost  their  viability  because  of  acids 
present  in  the  stomach.  They  concluded  that  the  num- 
ber of  spores  that  remained  alive  in  the  feces  was  too 
small  to  be  of  any  importance  in  the  perpetuation  and 
spread  of  the  pathogen. 

Methods  of  Inoculation. — A  great  many  investi- 
gators since  Tillet  have  inoculated  seed  of  corn  with 
chlamydospores  of  i'.  maydis  and  obtained  negative 
results  (5,  25.  143).  Artificial  inoculation  of  corn  was 
not  successful  until  Brefeld  <  1SS5-95  i  sprayed  the  corn 
plant  with  a  suspension  of  sporidia  produced  in  a  nu- 
trient culture  (34.  55.  36).  This  spray  method  i  which 
now  also  involves  chlamydospores  I  has  been  employed 
subsequently  by  many  workers  (57.  105.  158).  More 
recently,  dry  chlamydospores  also  have  been  dusted  on 
plants.  The  two  techniques  have  been  used  extensively 
in  the  field  for  testing  lines  and  varieties  of  corn  for 
smut  resistance. 

Application  oj  manure  and  spores. — Because  Brefeld 
demonstrated  that  U.  maydis  srew  readily  on  manure 
decoction,  it  was  generally  accepted  that  the  application 
of  manure  to  the  soil  would  tend  to  increase  the  amount 
of  inoculum  and  thus  increase  smut  infection  (34,  36). 
Therefore,  to  create  an  artificial  epidemic  of  smut,  it 
became  a  fairly  common  practice  in  experimental  work 
to  apply  barnyard  manure  mixed  with  chlamydospores 
to  the  test  plots  or  corn  rows  (105.  158).  The  time 
of  the  first  application  of  manure  varied  from  seedling 
stage  to  plants  about  1  m  high.  Sometimes,  this  treat- 
ment was  repeated  2  or  5  times  at  biweekly  intervals. 
In  addition,  some  workers  also  sprayed  the  plants  at 
frequent  intervals  during  the  growing  season  with  spo- 
ridia or  chlamydospores. 

There  are  no  experimental  data  to  indicate  that  the 
application  of  manure  or  the  frequent  spraying  and 
dusting  with  inoculum  actually  increased  the  percent- 
ages   of    smutty    plants    beyond    natural    infection.    It 
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seems  likely,  however,  that  inoculation  with  chlamydo- 
spores  or  sporidia  might  prove  valuable  in  a  region 
where   U.  maydis  is  not  particularly  common. 

Injection  of  spores. — In  1900.  Arthur  and  Stuart 
i  5  i  injected  cultures  of  smut  into  seedlings  of  corn  by 
means  of  glass  tubes.  Now.  the  inoculation  of  corn 
plants,  especially  seedlings,  by  means  of  a  hypodermic 
syringe  is  a  common  method  (55.  118.  3141.  Inocula- 
tion of  seedlings  is  particularly  valuable  for  testing  for 
sexual  compatibility  among  haploid  lines,  for  testing 
stability  of  virulence,  and  also  on  physiology  of  para- 
sitism. The  method  also  has  been  used  to  inoculate 
older  plants,  which  are  more  useful  than  seedlings  in 
studying  physiologic  specialization  in  U.  maydis  and 
the  nature  of  resistance  to  smut  (311)  (Fig.  8). 

The  sporidial  inoculum  can  be  increased  in  test  tubes 
or  flasks  containing  about  1%  sucrose  or  a  similar 
carbon  source,  plus  a  small  amount  of  potato  or  carrot 
extract.  Many  other  substrates  can  be  used  with  equal 
success.  The  organism  is  allowed  to  grow  1-2  weeks 
before  inoculation.  Just  before  inoculation,  the  culture 
is  diluted  30-50  or  more  times  its  volume  with  water. 
Whenever  the  inoculations  are  to  be  made  with  2  or 
more  haploid  lines,  they  are  thoroughly  mixed  just 
preceding  injection  into  the  host. 

Partial  vacuum. — Wilkinson  and  Kent  (358)  intro- 
duced a  partial  vacuum  method  for  inoculating  corn 
with  smut.  Their  technique  was  patterned  somewhat 
after  the  method  used  by  Moore  (230)  for  inoculating 
barley  and  wheat  flowers  with  loose  smut.  The  inocu- 
lum was  dropped  into  the  spiral  whorl  of  seedlings. 
Then,  the  plants  were  subjected  to  reduced  pressure — 
evacuation  to  70  cm  mercury — for  15  min.  Then,  on 
the  release  of  pressure,  the  inoculum  was  forced  into 
the  meristematic  region  of  the  leaf  spiral.  About  S5% 
of  the  treated  seedlings  developed  smut. 

Wallin  (348 )  wounded  seeds  and  then  inoculated 
them  by  covering  them  with  a  suspension  of  inoculum 
and  subjecting  them  to  partial  vacuum.  Apparently,  this 
method  is  not  very  effective,  at  least  it  is  not  in 
common   use. 

In  1953.  Rowell  and  DeVay  (281)  again  modified 
the  partial  vacuum  method.  Their  method  consisted  of 
germinating  surface-disinfected  corn  seed  under  aseptic 
conditions  until  the  coleoptile  was  about  1  cm  long. 
Then,  the  tip  of  the  coleoptile  was  cut  off  to  expose 
the  plumule  and  the  meristematic  area.  The  seedlings 
then  were  placed  in  tubes  and  covered  with  the  sus- 
pension of  sporidia  or  chlamydospores  to  be  tested. 
After  that,  they  were  subjected  to  a  partial  vacuum  for 
5  min.  The  seedlings  then  were  planted  in  sterile  soil 
or  Yermiculite.  This  method  has  proved  rapid  and 
efficient  for  testing  compatibility  of  lines  and  for 
making  genetic  studies  of  the  pathogen.  In  2  years. 
Rowell  and  DeVay  (281)  made  more  than  17.000  tests 
for  pathogenicity  and  sexual  compatibility,  a  good  in- 
dication of  its  efficiency.  It  is  not  a  desirable  method 
for  testing  lines  of  corn  for  resistance,  because  young 
seedlings  are  very  susceptible  and  often  killed  by  the 
smut  fungus  (157,  281). 

Whorl  inoculation. — Brefeld  (34)  used  successfully 
the  technique  of  pouring  a  suspension  of  sporidia  into 
the  leaf  whorl  of  a  corn  plant.  Since  then,  this  method 
has   been   used   extensively,   but   in   many   cases   with 


negative  or  poor  results  (5,  263,  351).  Experiments 
indicate  that  inoculum  does  not  readily  reach  the  apical 
meristem  because  it  is  tightly  enclosed  by  surrounding 
leaves.  If  the  leaves  do  not  too  tightly  enclose  the 
meristem.  it  can  be  bathed  in  inoculum  more  readily. 
Lines  and  varieties  of  corn  differ  in  this  characteristic. 

Davis  (72)  found  that  the  percentage  of  smut- 
infected  plants  was  greatly  increased  when  a  surface 
tension  depressant  such  as  fish-oil  soap  was  added  to 
inoculum  before  inoculation.  The  purpose  of  the  sur- 
factant was  to  carry  the  inoculum  down  through  the 
spiral  whorl  to  make  direct  contact  with  the  meriste- 
matic tissue.  Dickson  and  Bowman  (80)  obtained  good 
results  using  this  method,  whereas  Walter  (351)  did 
not.  Wilkinson  and  Kent  (358)  concluded  that  tri- 
ethanolamine  oleate  was  a  better  depressant  than  fish- 
oil  soap  as  it  gave  a  higher  percentage  of  infection.  In 
order  to  get  consistent  results,  the  authors  emphasized 
the  importance  of  using  a  nontoxic  surfactant  which  is 
also  stable  and  uniform  in  its  constitution. 

Spiral  loosening. — It  is  well  established  that  the 
injection  of  smut  inoculum  into  the  growing  tissue 
nearly  always  results  in  smut  infection.  Even  forcing 
dry  chlamydospores  into  the  spiral  will  induce  severe 
smut  infection  (351).  Just  how  and  when  most  of  the 
inoculum  reaches  the  meristematic  tissue  of  corn  is  not 
known.  In  nature,  the  presence  of  inoculum  apparently 
is  not  the  limiting  factor  because  the  injection  of  only 
sterile  water  or  broth  into  the  leaf  spiral  when  the 
plants  are  30-50  cm  high  will  greatly  increase  the  per- 
centage of  smut  (351).  The  water  presumably  makes 
a  connection  between  the  inoculum  in  the  upper  leaf 
spiral  and  susceptible  tissue  in  the  apical  leaf  roll. 

Based  on  the  above  information.  Walter  (351)  sim- 
ulated the  spiral-loosening  effect  of  the  wind  by  rolling 
the  leaf  spirals  between  the  palms  of  his  hands  during 
or  immediately  following  rain.  This  treatment  greatly 
increased  the  percentage  of  smutty  plants,  especially  if 
the  plants  were  treated  after  they  were  about  30  cm 
high  and  before  they  entered  the  early  boot  stage. 
Walter  concluded  that  heavy  wind  and  rain  storms 
caused  twisting  and  bending  of  plants,  bringing  the 
smut  inoculum  down  to  the  susceptible  tissues  in  the 
lower  part  of  the  leaf  whorl. 

Infection. — Until  about  1900.  it  was  generally 
assumed  that  U.  maydis  infected  young  seedlings  in  the 
manner  of  other  cereal  smuts.  Even  Brefeld  (34 )  held 
this  view  as  late  as  1883.  Kiihn  (192).  in  1874.  claimed 
that  he  observed  the  penetration  of  a  germ  tube  of 
U.  maydis  into  the  root-node  of  a  corn  seedling.  It  was 
Brefeld  who  from  18S3  to  1895  proved  that  all  tender 
succulent  parts  of  a  corn  plant  above  the  ground  line 
were  susceptible  to  infection.  He  established  beyond 
doubt  that  the  place  and  type  of  infection  were  dis- 
tinctly different  from  those  of  other  cereal  smuts. 

Local  infection. — Brefeld  (34)  induced  infection  by 
spraying  the  growing  plants  with  a  suspension  of  spo- 
ridia and  by  dropping  them  into  the  leaf  whorl  of  young 
seedlings.  He  proved  that  the  galls  were  the  result  of 
local  infection  and  that  the  corn  plant  continued  to  be 
susceptible  to  new  infection  as  long  as  there  were 
succulent  and  meristematic  tissues.  He  also  observed 
penetration  of  the  smut  fungus  into  many  different 
organs  of  the  plant. 
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Recently,  it  has  been  established  that  most  of  the 
infection  apparently  occurred  during  the  leaf-whorl 
stage  of  the  corn  plant,  when  the  plants  were  30  cm-1  m 
tall  (71,  267.  351.  35S).  Then,  the  meristematic  tissue 
is  only  a  few  cm  long  and  no  appreciable  elongation  of 
the  internodes  has  taken  place.  Multiple  galls  may 
arise  on  different  parts  of  the  plant  from  a  single  infec- 
tion of  the  meristematic  tissue  in  the  spiral.  In  such 
cases,  the  distribution  of  the  fungus  is  actually  brought 
about  by  the  host  during  the  elongation  of  the  stalk. 
The  relationship  between  the  host  and  the  fungus  is  not 
one  of  true  systemic  development. 

The  germ  tubes  from  either  the  sporidia  or  promy- 
celia  usually  gain  entrance  by  direct  penetration,  al- 
though sometimes  they  penetrate  through  stomata  and 
floral  organs.  The  mycelium  is  mostly  intracellular, 
although  intercellular  hyphae  are  sometimes  common. 
The  holes  in  cell  walls  through  which  the  hyphae  pass 
are  small  and  the  bulging  and  curling  of  the  enlarged 
hyphae  in  the  cell  strongly  suggest  mechanical  penetra- 
tion  (350). 

Haploid  infection. — Although  haploid  hyphae  can 
penetrate  the  host  tissue,  dicaryotic  or  diploid  hyphae 
are  essential  for  normal  infection  and  development  of 
chlamydospores.  Rawitcher  (273)  assumed  that  the 
haploid  phase  was  the  parasitic  stage  of  U.  maydis,  but 
this  is  not  supported  by  more  recent  work  (59.  123). 
Several  workers  found  that  haploid  hyphae  in  the  host 
were  rather  limited  in  growth.  The  amount  of  haploid 
growth  in  the  host  depends  on  the  line  of  U.  maydis 
involved. 

Munnecke  (236)  found  that  certain  haploid  lines 
induced  curling  and  distortion  of  the  host  somewhat 
similar  to  the  hyperplastic  phase  of  normal  infection, 
but  no  galls  or  chlamydospores  were  formed.  Haploid 
infection  of  the  tissues  was  proven  cytologically  and 
also  by  the  reisolation  of  the  original  lines. 

Several  investigators  (  234.  338.  363  )  have  shown  that 
U.  maydis  synthesized  indoleacetic  acid  and  possibly 
other  auxins  in  culture  and  these  substances  most  likely 
are  related  to  gall  development.  Therefore.  DeVay  (77) 
attempted  to  supplement  the  missing  stimuli  essential 
for  gall  formation  by  inoculating  corn  seedlings  with 
one  haploid  line  plus  the  filtrate  from  a  second  line  of 
opposite  sex.  Although  the  degree  of  distortion  was  in- 
creased by  addition  of  the  filtrate,  no  chlamydospores 
were  produced. 

Rowell  and  DeVay  (28,2)  demonstrated  that  smut 
galls  and  chlamydospores  were  formed  when  they 
paired  certain  haploid  lines  of  U.  maydis  with  specific 
haploid  lines  of  S.  reiliana.  Since  the  lines  did  not  fuse 
to  form  a  dicaryon.  some  synergistic  stimulus  must  have 
been  involved  in  this  unique  phenomenon.  The  haploid 
smut  galls  in  corn  developed  slower  than  those  nor- 
mally produced  by  compatible  lines  of  U.  maydis.  No 
evidence  of  hybridization  was  found  for  any  characters 
that  were  studied.  The  size,  echinulations.  and  germina- 
tion of  the  spores  were  all  similar  to  those  of  the  U. 
maydis.  All  monosporidial  isolates  obtained  from  the 
spores  were  identical  to  the  original  line  of  U.  maydis 
in  morphology,  cultural  characters,  and  sex  factors. 
None  of  the  isolates  produced  galls  when  paired  with 
one  another  or  with  the  original  I',  maydis  line.  These 


isolates  were  mated  to  the  same  5.  reiliana  lines  and 
again  produced  galls  with  mature  haploid  chlamydo- 
spores (282). 

Composite  infection. — There  is  no  evidence  that  smut 
infection  may  be  materially  increased  by  heavy  applica- 
tion of  inoculum  consisting  of  many  biotypes.  Some- 
times, it  may  actually  cause  a  decrease  in  severity.  The 
reason  for  this  is  not  definitely  known,  but  severe 
chlorosis  and  necrosis  often  follow  mass  inoculation  in 
the  field  (351  I. 

Kernkamp  and  Martin  (181  i  compared  the  degree  of 
pathogenicity  of  13  paired  and  compatible  lines  with 
that  of  the  composite  inoculum.  The  severity  of  infec- 
tion of  the  composite  inoculum  approached  the  average 
severity  of  the  single  pairs  of  haploid  lines.  Likewise. 
a  mixture  of  diploid  lines  alone  or  in  combination  with 
haploid  lines  did  not  increase  the  severity  of  infection. 
Wilkinson  and  Kent  (358)  and  Rowell  and  DeVay 
(282)  obtained  similar  results. 

Formation  of  galls. — The  parasitic  stage  of  U.  maydis 
is  a  dicaryon.  Therefore,  if  the  infection  results  from 
fusion  of  compatible  haploids  of  opposite  sex.  there  is 
formed  a  dicaryotic  hypha  with  a  stout  and  rapidly 
growing  mycelium.  The  mycelium  penetrates  only  a 
short  distance,  but  ramifies  freely  in  the  infected  area. 
Then,  the  host  cells  in  the  invaded  tissues  begin  to 
multiply  and  enlarge  at  an  extraordinary  rate.  Under 
favorable  conditions,  the  young  galls  may  become 
visible  in  a  few  days  and  mature  chlamydospores  ma- 
ture in  7-9  days  after  inoculations.  Scurti  (296)  states 
that  the  swelling  began  in  advance  of  hyphal  invasion 
by  the  fungus.  The  phenomenon  involves  both  hyper- 
trophy and  hyperplasia  (  1S4.  297).  In  addition  to  the 
smut  mycelium  and  spores,  the  galls  usually  consist  of 
a  considerable  amount  of  modified  tissue  of  the  cortex, 
xylem.  phloem,  parenchyma,  and  sclerenchyma  strands. 

The  abnormal  activity  of  the  infected  tissue  is  due 
to  some  active  secretion  by  the  fungus.  Wolf  (362). 
Turian  (338).  and  others  believe  that  the  production  of 
indoleacetic  acid  by  U.  maydis  stimulates  the  develop- 
ment of  smut  galls.  They  found  that  young  galls  had 
about  20  times  greater  concentration  of  indoleacetic 
acid  than  noninfected  tissues. 

Types  of  hyphae. — There  are  several  different  types 
of  hyphae  in  the  host  and  this  may  in  part  account  for 
some  of  the  discrepancies  between  cytological  studies 
i  55.  60.  85  ).  Haploid  hyphae  are  rather  fine,  usually 
uninucleate,  and  not  extensively  developed.  Rawitscher 
1 273.  2 74;  was  of  the  opinion  that  the  parasitic 
mycelium  was  uninucleate  and  haploid  until  about 
chlamydospore  formation.  Ehrlich  (85)  suggested  that 
haploid  hyphae  sometimes  may  continue  to  grow  in 
the  presence  of  dicaryotic  mycelium.  In  culture, 
sporidia  and  hyphal  cells,  whether  haploid  or  diploid, 
are  almost  universally  uninucleate. 

There  appear  to  be  several  types  of  dicaryotic  hyphae 
in  the  host  tissue  (55,  85).  The  most  common  one 
is  very  irregular  and  variable  in  shape,  frequently 
branched,  often  contorted,  and  hence  difficult  to  follow 
in  the  host.  The  second  type  is  rather  stout,  but  usually 
fairly  uniform  and  rather  extensive  in  growth. 

The  third  type  of  hyphal  growth  is  a  much  contorted 
cluster-like  aggregation,  somewhat  suggestive  of  a  grape 
cluster.  These  spherical  bodies  are  apparently  composed 
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of  uninucleate  cells  and  are  cut  off  into  segments  that 
eventually  become   chlamydospores. 

Although  clamp  connections  have  been  reported  in 
the  host,  their  presence  has  been  questioned  (59). 
Clamp-like  structures  are  not  uncommon  in  both 
dicaryotic  and  diploid  hyphae  (55).  These  structures 
usually  develop  into  hyphal  outgrowths  and  actual 
fusion  with  adjoining  cells  has  not  been  recorded  (55). 

In  general,  the  cells  in  the  parasitic  mycelium  are 
either  binucleate  or  multinucleate,  although  the  nuclei 
are  often  loosely  associated  in  pairs  (54.  55.  60). 
Ehrlich  (85)  observed  1-6  nuclei  cell,  although  the 
usual  number  was  2.  Sleumer  ('301  I  also  reported  that 
the  binucleate  condition  predominated,  whereas  Lut- 
man   (  204  |   reported  hyphal  cells  as  multinucleate. 

Formation  of  chlamydospores. — Chlamydospore  for- 
mation has  been  described  in  detail  by  several  workers 
i  55,  60.  85.  301  I.  The  hyphae  at  the  time  of  chlamydo- 
spore formation  gelatinize  and  appear  as  short,  angular. 
and  irregular  segments.  These  segments  later  round  up 
more  or  less  and  then  a  spore  wall  develops.  The  spore 
wall  is  at  first  hyaline  and  smooth,  but  as  the  chla- 
mydospores mature  they  become  dark  and  echinulated. 
There  is  no  indication  that  the  segments  fuse  as 
suggested  by  Rawitscher  (273). 

Sleumer  (301)  and  Ehrlich  (85)  concluded  that 
karyogamy  occurs  shortly  before  the  segmentation 
of  mycelium.  Their  observations  were  based  primarily 
on  nuclear  size.  Most  chlamydospores  are  uninucleate 
and  diploid:  some,  however,  are  uninucleate  and 
haploid:  others  occasionally  are  binucleate  (55,  85). 
Solopathogenic  lines  resemble  dicaryotic  lines  in 
respect  to  the  development  of  the  parasitic  myceli- 
um and  formation  of  the  chlamydospores.  except  that 
no   nuclear   fusion   occurs    (55,   85). 

Environmental  Factors. — There  is  no  general 
agreement  on  what  weather  conditions  are  most  favor- 
able for  the  development  of  an  epiphytotic  of  corn 
smut.  It  is  usually  assumed  that  rain  and  humid 
weather  are  the  most  critical  environmental  factors 
essential    for   infection. 

Moisture. — Arthur  and  Stuart  I  5 1  believed  that 
the  sporidia  were  delicate  and  easily  desiccated  and 
therefore  must  be  kept  damp  to  remain  viable,  but 
this  is  not  in  accord  with  the  opinions  of  later  workers 
(261).  Moisture  is  definitely  needed  for  germination 
and  maintenance  of  germ-tube  growth  until  the  host 
is  penetrated.  Coffman.  Tisdale.  and  Brandon  (63 1 
believe  that  heavy  rains  may  wash  the  sporidia  out 
of  the  air  and  off  the  corn  plant  and  thus  reduce 
the  amount  of  smut  infection.  They  stated  that  early 
spring  rainfall  induced  the  chlamydospores  to  germi- 
nate before  corn  plants  were  large  enough  to  become 
infected:  hence,  large  amounts  of  inoculum  may  be 
destroyed.  A  number  of  workers  (73.  267.  350)  have 
recorded  the  production  of  sporidia  in  the  leaf  whorl 
of  corn.  According  to  Platz  ('263  i.  light  rain  is  suffi- 
cient to  provide  moisture  for  the  multiplication  of 
sporidia  in  the  infection  courts.  Arthur  and  Stuart 
(5)  believed  that  infection  takes  place  during  cloudy 
days  or  dewy  nights  and  Piemeisel  C261  )  states  that 
cool  damp  weather  favors  infection. 

If  most  of  the  natural  infection  occurs  in  meri- 
stematic  regions  of  the  leaf-whorl,  then  it  would  seem 


unlikely  that  humidity  would  be  a  limiting  factor  after 
the  inoculum  has  reached  the  infection  court.  For 
instance.  AValter  (351  )  proved  that  dry  chlamydo- 
spores forced  into  the  meristematic  region  germi- 
nated and  caused  infection  without  the  addition  of 
water.  There  is  good  evidence  that  free  moisture 
on  the  plant  is  not  essential  for  smut  development 
once  the  infection  is  established.  When  plants  are 
inoculated  by  the  hypodermic  syringe  method  and 
placed  in  a  relatively  dry  greenhouse,  excellent  in- 
fections have  always  resulted. 

Dry  weather. — Several  workers  (159.  267)  have 
stated  that  corn  smut  is  much  more  prevalent  in  dry 
seasons.  Potter  and  Melchers  (267  >  reported  that 
smut  of  corn  was  far  more  abundant  and  destructive 
in  the  western  dry  and  hot  portion  of  the  plains  in 
Kansas  and  Nebraska  than  in  the  more  humid  regions 
of  the  U.S.A.  They  did  not  believe  that  lack  of  mois- 
ture was  the  limiting  factor  in  smut  development, 
whereas  MacMillan  (205 )  states  that  it  is  the  limiting 
factor  in  semiarid  areas. 

At  St.  Paul.  Minn.,  the  effect  of  certain  environ- 
mental factors  on  prevalence  of  smut  was  studied  from 
1922-27.  inclusive  (159).  About  140  selfed  lines  of 
corn  were  inoculated  artificially  by  repeated  applica- 
tion of  chlamydospores.  The  results  indicated  that 
dry  weather,  as  expressed  by  a  low  number  of  days 
of  precipitation  and  a  high  percentage  of  sunshine, 
was  conducive  to  development  of  smut.  During  these 
tests,  temperature  did  not  appear  to  be  a  very  im- 
portant factor  (159 ). 

Temperature. — Relatively  high  temperatures  favor 
chlamydospore  germination,  budding  of  sporidia. 
growth  of  mycelium,  and  formation  of  chlamydospores. 
Most  writers  (281.  290.  336)  agree  that  25CC  or 
above  is  conducive  to  development  of  the  smut  fungus 
in  the  host.  Rowell  and  DeVay  (281  )  obtained  much 
better  infection  at  28' C  than  at  18c  or  21°C,  whereas 
Schmitt  obtained  no  gall  formation  below  21 CC  (290). 
Tisdale  and  Johnston  (336  >  also  found  that  tempera- 
tures of  25 :C  or  above  were  conducive  to  infection, 
whereas  temperatures  of  20CC  or  below  were  one 
of  the  chief  limiting  factors.  It  is  well  known  that 
smut  galls  develop  and  chlamydospores  mature  much 
more  rapidly  at  relatively  high  temperatures  than 
at  low. 

Conditions  that  favor  or  prevent  the  initial  entrance 
of  the  smut  fungus  appear  to  be  of  much  greater  im- 
portance in  creating  an  epidemic  of  smut  than  those 
that  favor  or  hinder  the  fungus  development  after 
infection. 

Host  vigor. — Many  workers  (5,  193.  298)  have 
stated  that  vigor  of  the  host  was  directly  associated 
with  susceptibility.  Contrary  to  the  common  belief. 
corn  smut  appears  to  be  least  prevalent  when  the 
growing  season  favors  steady  and  normal  growth  of 
corn  (351).  Walter  (351)  made  a  detailed  and  ex- 
tensive study  over  a  4-year  period  on  the  vigor  of 
the  host  in  relation  to  smut  development.  He  concluded 
that  sustained  rapid  development  of  the  corn  plant 
from  the  seedling  stage  to  full-size  plants  enabled 
them  to  resist  or  escape  the  smut.  In  Europe,  similar 
results  were  obtained  by  Maze  and  Maze  (215).  It 
is  true  that,  frequently,  the  galls  are  larger  and  usually 


II 


much  more  conspicuous  on  vigorous  than  on  un- 
thrifty corn  plants.  Vigorous  plants  may  sometimes 
have  fewer  concealed  galls,  those  more  or  less  en- 
closed or  hidden  by  the  leaf  sheath,  hence  these  plants 
may  appear  more  susceptible.  Further,  according  to 
Walter  (351).  when  plants  are  extremely  low  in 
vigor,  the  number  of  galls  plant  may  be  reduced  be- 
cause of  a  decrease  in  the  development  of  nodal  buds. 

Date  of  planting. — There  are  considerable  differences 
of  opinion  on  the  prevalence  of  smut  in  corn  planted 
on  different  dates.  Many  tests  have  been  made;  some 
workers  reported  more  smut  in  early  planting,  others 
less,  others  obtained  no  differences  in  amount  of  smut 
in  corn  planted  at  different  dates. 

Arthur  and  Stuart  ( 5 )  said  that  corn  planted  early 
developed  more  smut  because  it  had  a  greater  number 
of  chances  to  become  inoculated  and  infected.  Hitch- 
cock and  Norton  (143)  stated  that  although  smut 
infection  becomes  visible  first  on  early  planted  corn, 
late  in  the  season,  irrespective  of  date  of  planting, 
they  are  all  equally  smutted  regardless  of  age.  Potter 
and  Melchers  (266)  observed  no  differences  in  amount 
of  smut  between  early  or  late  plantings.  In  general. 
Walter  (351)  found  that  the  smut  was  more  destruc- 
tive in  the  late  plantings  than  in  the  early  plantings, 
but  there  were  exceptions.  Before  a  definite  statement 
can  be  made  on  effect  of  time  of  planting,  experiments 
should  be  made  on  many  varieties  or  lines  of  corn 
under  many  different  environmental  conditions  in 
different  regions  of  the  country. 

Injuries  to  the  host. — Aymen  (6),  in  1760,  reported 
that  removal  of  tassels  from  plants  did  not  increase 
smut  infection.  Since  then,  there  have  been  several 
contradictory  reports  (73,  86.  143,  351).  This  probably 
can  best  be  explained  in  terms  of  the  stage  of  de- 
velopment of  the  host  at  the  time  of  detasseling. 
This  factor  also  seems  to  influence  the  effect  of  other 
mechanical  injuries,  since  smut  infection  seldom 
develops  on  injured  parts.  Multilation  appears  to  have 
an  indirect  effect,  as  it  stimulates  the  development  of 
smut  galls  in  lateral  and  internodal  meristem. 

Hitchcock  and  Norton  (143 )  and  Davis  (73)  se- 
cured marked  increases  in  numbers  of  smut  galls  by 
the  removal  of  tassels  and  ears.  Clinton  (60)  obtained 
no  increase  in  smut  infection  by  mutilating  plants 
that  were  a  few  cm  to  1  m  high,  whereas  injuries  to 
very  young  tassels  and  ears  increased  infection,  es- 
pecially if  the  plants  were  inoculated  following  the 
mutilations. 

MacMillan  ( 205 )  recorded  a  severe  epidemic  of 
corn  smut  following  a  severe  hail  storm.  Walter  (351  ) 
failed  to  increase  the  severity  of  smut  by  puncturing 
the  growing  tip  of  corn  plants  with  a  needle  or  nails. 
Platz  ( 263 )  also  failed  to  increase  smut  infection 
by  mutilating  the  plants,  even  when  they  were  sprayed 
with  a  suspension  of  sporidia  or  dusted  with  chla- 
mydospores  following  the  injury. 

Eldredge  (86)  showed  that  there  was  an  increase 
in  the  prevalence  of  smut  only  if  the  stalks  were 
injured  about  2  weeks  preceding  the  appearance  of 
the  tassel.  Walter  (351)  also  concluded  that  injuries 
induced  by  mechanical  means  and  by  detasseling 
markedly  increased  the  prevalence   of  smut   provided 


the  damage  occurred  when  the  corn  plant  was  in  an 
intermediate  stage  of  rapid  elongation. 

Rate  of  planting. — The  density  or  rate  of  planting 
of  corn  in  relation  to  prevalence  of  smut  has  long 
been  a  subject  of  much  interest.  Burger  (38),  in  1809, 
reported  that  thick  planting  of  corn  favored  the  devel- 
opment of  smut.  Arthur  and  Stuart  ( 5 )  stated  that 
thickly  planted  corn  promoted  smut  development  be- 
cause this  maintained  the  moist  air  longer.  Piemeisel 
(261  )  believed  that  close  planting  increased  the  amount 
of  smut  because  the  plants  remained  succulent  for 
a  longer  period  of  time.  Kornfeld  (187),  in  Germany, 
also  reported  that  corn  grown  close  together  had  a 
higher  percentage  of  infected  plants  than  corn  grown 
farther  apart. 

Wilcoxson  and  Covey  (357)  obtained  the  opposite 
results;  the  more  spacious  planting  not  only  gave  a 
higher  percentage  of  smutty  plants,  but  the  severity 
was  3  times  greater  on  the  corn  with  the  less  dense 
population.  Their  results  were  based  on  standard 
field  plot  techniques  and  involved  3  years'  data. 
Davis'  ( 73 )  results,  based  on  4  years  of  extensive 
field  tests,  indicated  less  smut  when  there  were  2  or  3 
plants  hill  than  in  hills  with  fewer  or  more  plants. 
Obviously,  it  would  be  desirable  to  make  additional 
tests  on  plant  populations  in  relation  to  smut  under 
different  environments  using  several  varieties  of  corn. 

Solopathogens. — As  previously  indicated,  U.  may- 
dis  is  predominantly  heterothallic.  but  occasionally 
monosporidial  lines  are  solopathogenic.  causing  in- 
fection when  inoculated  singly  into  the  corn  plant 
(54,  84,  301,  358).  The  frequency  of  solopathogenic 
lines  is  often  associated  with  particular  galls  and 
crosses  (55).  Thus,  Chilton  (50,  51)  concluded  that 
tendency  for  production  of  diploid  lines  was  asso- 
ciated with  lysis  of  the  promycelium,  whereas  Chris- 
tensen  observed  them  arising  from  normal  promycelia 
(55).  In  any  case,  solopathogens  are  not  uncommon, 
because  they  have  been  reported  from  material  of 
diverse  origins  (54,  55,  84,  111,  301,  358).  The 
pairing  of  2  solopathogenic  lines  from  the  same  or 
different  chlamydospores  did  not  increase  their  para- 
sitic capabilities.  Likewise,  the  pairing  of  a  solo- 
pathogenic line  with  unisexual  lines  from  divergent 
sources  does  not  change  the  pathogenicity  of  the 
former  (55). 

The  solopathogenic  lines  resemble  the  unisexual 
lines  in  certain  characteristics.  They  grow  and  multiply 
like  the  unisexual  lines  and  the  colonies  of  solo- 
pathogenic lines  cannot  be  distinguished  from  the 
haploid  colonies.  Their  range  in  color,  consistency, 
growth,  topography,  etc.,  is  as  great  and  as  variable 
as  unisexual  lines  (55). 

Gattani  (111)  found  that  7  diploid  lines  differed 
from  one  another  in  rate  of  growth,  ability  to  digest 
casein,  ability  to  liquefy  gelatin,  and  growth  characters 
on  standard  bacteriological  media.  They  also  differed  in 
their  ability  to  produce  anthocyanin  and  in  their  path- 
ogenicity on  4  selfed  lines  of  corn.  One  line  had 
much   greater   tendency   to   mutate   than   the   other   6. 

In  certain  respects,  the  solopathogenic  lines  behave 
like  the  dicaryophytic  stage  of  2  unisexual  lines.  They 
are    parasitic,    stimulate    production    of    anthocyanin 
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pigment,  and  produce  normal  smut  galls.  The  chla- 
mydospores  derived  from  single  solopathogenic  lines 
are  of  normal  shape  and  size  and  they  germinate 
and  develop  normal  promycelia.  Factors  for  sexual 
compatibility,  color,  topography,  virulence,  and  tend- 
ency to  mutate  segregate  in  the  promycelia  exactly 
as  in  promycelia  of  chlamydospores  produced  by  2 
unisexual  lines  of  opposite  sex.  The  sporidia  are  pre- 
dominantly uninucleate  and  hence  are  apparently 
diploid  in  the  strict  sense  of  the  word. 

Solopathogenic  lines  are  as  stable  as  unisexual  lines; 
some  mutate  frequently  on  certain  substrates,  others 
seldom  (55).  The  stability  in  virulence  is  not  in- 
fluenced by  the  passage  through  the  living  host  in  the 
mycelial  stage  nor  is  it  associated  with  the  length 
of  time  a  given  line  has  grown  in  culture  (55).  Some 
monosporidial  lines  have  maintained  their  parasitic 
capabilities  for  about  30  years,  others  gave  rise  to 
nonvirulent  variants  within  1  year  or  a  few  weeks 
after  isolation    (54.    111.   203). 

Some  lines  may  fail  to  mutate  on  one  medium,  but 
develop  many  mutants  on  another  one  and  sometimes 
certain  media  may  aid  in  selecting  mutants.  When 
solopathogenic  lines  are  grown  on  media  containing 
arsenic  or  lithium,  the  frequency  of  mutation  and 
perhaps  also  vegetative  segregation  are  increased  when 
exposed  to  radiation.  The  mutants  or  the  segregates 
are  occasionally  avirulent,  most  likely  unisexual,  at 
least  some  of  them  cause  normal  infection  when  paired 
with   certain    unisexual   lines    (58,    111  J. 

Studies  by  several  investigators  have  shown  that 
solopathogenic  lines  differ  strikingly  in  parasitic 
capabilities  (54.  55.  145,  203.  358).  Some  are  virulent 
and  produce  large  galls,  others  are  weakly  pathogenic 
and  produce  very  small  galls  and  still  others  are 
intermediate  in  virulence.  Some  induced  the  produc- 
tion of  an  abundance  of  anthocyanin  in  certain  selfed 
lines  of  corn,  others  did  not  (54.  203).  The  great  range 
in  parasitism  among  solopathogenic  lines  especially 
among  mutants  derived  from  the  same  monosporidial 
lines  is  an  indication  that  pathogenicity  is  not  neces- 
sarily linked  with  factors  for  sexual  compatibility  (55. 
279). 

Physiologic  Specialization'. — The  term  "physio- 
logic race"  was  originally  used  to  designate  groups 
within  species  that  differed  consistently  in  patho- 
genicity. In  corn  smut,  the  term  ''physiologic  race" 
is  usually  restricted  to  a  collection  of  chlamydospores 
that  are  relatively  consistent  in  pathogenicity  on 
certain  lines  or  varieties  of  corn.  From  the  practical 
standpoint,  there  is  little  value  in  dividing  U.  maydis 
into  physiologic  races  and  assigning  them  specific 
numbers.  Now.  it  is  generally  recognized  that  phys- 
iologic races  also  may  differ  in  cultural  characters 
on  artificial  media,  physiological  and  ecological  char- 
acters, biochemical  responses,  and  to  a  limited  extent 
also  in  morphology.  U.  maydis  comprises  an  indefinite 
number  of  lines  or  biotypes  (310,  314;.  Thousands 
have  been  isolated  and  studied  (282,  309).  These 
differ  in  so  many  physiologic  characteristics  and  so 
much  in  pathogenicity  that  they  could  be  considered 
physiologic  races.  Of  course,  describing  or  numbering 
such  races  would  not  be  feasible  or  practical. 


Further.  U.  maydis  is  predominantly  heterothallic, 
requiring  the  pairing  of  2  compatible  haploid  lines 
of  opposite  sex  for  normal  infection  and  the  production 
of  chlamydospores.  New  biotypes  arise  by  hybridiza- 
tion: as  chlamydospores  are  diploid  and  meiosis  oc- 
curs at  the  time  of  germination  and  new  recombinants 
occur,  consequently  a  changing  population  of  biotypes 
results  in  each  new  sexual  generation.  New  biotypes 
also  arise  by  mutation.  Further,  there  are  excellent 
opportunities  for  outbreeding  as  the  chlamydospores 
and  aerial  sporidia  are  disseminated  long  distances  by 
the  wind.  Consequently,  field  infections  are  usually  the 
results  of  dicaryons  of  a  diverse  genetic  constitution. 
Thus,  from  a  single  gall,  it  is  often  possible  to  isolate 
a  vast  array  of  haploid  lines  and  some  diploid  lines 
that  differ  greatly  in  parasitism.  In  spite  of  the 
heterogeneity  of  chlamydospores  in  a  smut  collection, 
fairly  consistent  differences  in  pathogenicity  have 
been  secured  in  the  field  with  chlamydospores  derived 
from  different  sources  (59).  Whenever  basic  studies 
are  made  on  parasitism,  however,  it  would  be  prefer- 
able to  use  dicaryon  or  solopathogenic  lines  rather 
than  a  collection  of  chlamydospores  which  may  con- 
sist of  a  mixture  of  many  biotypes. 

Parasitic  differences. — Melchers  (220),  in  1921, 
found  that  cultures  of  U.  maydis  seemed  to  differ  in 
their  ability  to  cause  infection  when  the  plants  were 
artificially  inoculated.  He  also  indicated  that  inbred 
lines  and  hybrids  differed  in  resistance  when  grown 
in  different  localities  in  Kansas,  an  indication  of 
physiologic  differences  in  U.  maydis.  Tisdale  and 
Johnston  ('336),  in  1926.  noted  slight  differences  in 
the  parasitic  behavior  of  smut  from  different  sources. 
They  also  recorded  cultural  differences  in  mass  isolates 
of  U.  maydis. 

About  this  time.  Stakman  and  Christensen  (312) 
demonstrated  striking  parasitic  differences  among  12 
chlamydospore  collections  of  U.  maydis.  Eleven  of 
these  originated  from  widely  separated  states  and  2 
were  from  Minnesota.  Mass  isolations  were  made  from 
chlamydospores  and  these  were  used  to  inoculate 
10  varieties  of  corn  that  differed  greatly  in  suscep- 
tibility to  smut.  All  the  cultures  caused  infection 
on  all  the  varieties,  but  differences  in  the  severity 
of  infection  on  certain  lines  of  corn  were  sometimes 
very  large.  Certain  races  produced  only  minute  galls 
on  some  selfed  lines,  others  produced  large  smut 
galls  on  nearly  all  lines.  Some  races  differed  in  their 
parasitic  effect  on  all  10  lines  of  corn  whereas  others 
differed  only  on  a  few  of  them. 

Some  races  also  induced  chlorosis  of  the  leaves, 
often  followed  by  necrosis.  The  degree  of  chlorosis 
and  necrosis  depended  on  the  race  and  also  on  the 
line  of  corn.  There  are  similar  differences  among  races 
and  lines  of  corn  in  respect  to  the  anthocyanin  pro- 
duction. Other  investigators  found  somewhat  similar 
differences  in  parasitism  among  10  other  chlamydo- 
spore collections  of  U.  maydis  on  6  varieties  of 
corn   (203,  310;. 

The  fact  that  the  collections  of  smut  from  different 
states  possessed  different  parasitic  capabilities  does 
not  necessarily  indicate  the  prevalence  of  distinct 
parasitic  races  in  specific  regions.  A  sample  consisting 
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of  1  to  several  galls  from  a  given  locality  certainly  is 
not  representative  of  the  smut  population  for  a  given 
region.  Even  a  single  acre  of  corn  may  harbor  many 
thousand  galls  and  the  number  of  chlamydospores 
produced  would  be  virtually  inconceivable.  Then, 
there  may  even  be  from  several  to  many  millions 
of  acres  of  corn  within  a  single  state  or  region.  As  both 
chlamydospores  and  sporidia  are  readily  wind-borne, 
it  seems  likely  that  within  a  geographical  region 
bounded  by  natural  barriers  that  the  smut  population 
of  U.  maydis  would  consist  of  a  vast  mixture  of 
parasitic  biotypes.  Experiments  made  at  St.  Paul, 
Minn.,  tend  to  prove  this  (57,  161). 

Local  and  nonlocal  smut. — Christensen  and  Johnson 
(57)  made  a  comparative  study  for  5  successive  years 
of  the  response  of  5  standard  varieties  and  95  inbred 
lines  of  corn  to  local  and  nonlocal  collections  of  smut. 
The  local  inoculum  consisted  of  a  mixture  of  chla- 
mydospores derived  from  several  hundred  smut  galls 
which  were  collected  at  St.  Paul.  The  nonlocal  inocu- 
lum was  obtained  from  26  localities  in  12  states  east 
of  the  Rocky  Mountains.  Each  of  the  26  collections 
consisted  of  many  galls  and  the  chlamydospores  in 
the  26  collections  were  thoroughly  mixed  before 
inoculation.  The  2  experimental  plots  were  about 
^  of  a  mile  apart.  At  frequent  intervals  during  the 
growing  season,  the  chlamydospores  were  dusted  and 
sprayed  on  the  plants. 

The  relative  reactions  of  all  the  lines  of  corn  to 
smut  were  similar  on  the  2  fields.  Lines  of  corn 
resistant  to  local  smut  collections  were  equally  re- 
sistant to  smut  obtained  from  widely  different  sources. 
There  also  was  a  high  correlation  between  the  2  fields 
in  regard  to  the  number  of  galls/infected  plant  and 
to  the  location  of  galls  on  the  plants. 

The  close  agreement  in  smut  reaction  of  the  inbred 
lines  to  smut  collections  from  widely  different  sources 
should  be  very  helpful  in  breeding  for  smut  resistance 
in  corn.  Because  of  vast  numbers  of  biotypes  in  U. 
maydis,  it  would  be  impractical  and  futile  to  breed 
corn  resistant  to  specific  biotypes  or  races.  Therefore, 
varieties  of  corn  must  possess  generalized  smut  resist- 
ance or  field  resistance.  This  has  long  been  the  objec- 
tive at  Minnesota  and  other  institutions  where  smut- 
resistant  corn  hybrids  have  been  produced  ( 107,  129, 
158,  328). 

Phenotypic  Variability. — It  is  important  to  dis- 
tinguish clearly  between  phenotypic  modification  or 
variability  and  true  genetic  changes  and  differences. 
Numerous  experiments  (55,  314)  with  monosporidial 
cultures  of  U.  maydis  have  shown  that  the  rate  of 
growth,  color,  sporidial  production  of  colonies,  and 
other  cultural  characters  may  be  modified  by  en- 
vironmental fluctuations  due  to  temperature,  nutrients, 
vitamins,  growth  substances,  chemicals,  hydrogen-ion 
concentrations,  and  presence  of  toxic  substances,  dyes, 
and  radiation.  Phenotypic  changes  usually  revert  to 
original    characters   when   the   stimulus    is   removed. 

Several  workers  (111,  140,  203,  290,  314)  have 
clearly  demonstrated  that  standard  nutrient  media  to 
which  various  materials  are  added  may  have  a  pro- 
found effect  on  the  rate  of  growth,  color,  and  general 
topography  of  the  smut  colonies.  Certain  lines  of  smut 
may  be   sporidial  on   one   substrate,   but   mycelial  on 


another;  and  sugar  tends  to  increase  sporidial  growth 
(179,  314).  The  temperature  at  which  the  lines  are 
grown  may  greatly  alter  the  cultural  characteristics 
and  the  rate  of  growth  (256,  314).  The  percentage 
and  purity  of  agar  in  a  medium  and  kind  of  liquid 
culture  may  also  greatly  modify  cultural  growth  and 
appearance  of  colonies.  Even  duration  of  steriliza- 
tion of  a  medium  may  induce  sharp  modification  in  the 
type  of  growth.  Striking  changes  also  occur  in  the 
rate  of  growth  and  other  characters  by  changing  the 
pH  of  the  medium.  The  extent  of  some  of  these 
phenotypic   changes  is   illustrated   in   Fig.   9. 

Semipermanent  modifications  also  apparently  occur 
in  U.  maydis.  There  is  some  evidence  that  some  smut 
lines  may  gradually  acquire  tolerance  to  toxic  sub- 
stances. Stakman,  et  al.  (321)  found  that  monospori- 
dial lines  of  U.  zeae  increased  their  tolerance  to  sodium 
arsenite  in  the  medium.  Certain  lines  originally  toler- 
ated only  2,400  ppm  of  this  salt,  but  after  10  cul- 
tural generations  on  this  medium  they  tolerated  7,000 
ppm  (142,  256).  The  cultural  characters  of  these 
lines  also  were  altered  by  the  arsenic  media,  but 
after  several  successive  generations  on  arsenic-free 
media,  they  gradually  reverted  to  their  normal  types 
and  also  lost  their  acquired  tolerance  for  arsenic. 
Later,  Gattani  (111)  studied  the  adaptation  of  certain 
lines  to  arsenic  and  malachite  green  and  obtained 
somewhat  similar  results.  Hirschhorn  and  Munnecke 
(142)  not  only  proved  that  certain  lines  of  U.  maydis 
developed  tolerance  to  increasing  concentration  of 
sodium  arsenite,  but  the  adapted  lines  also  failed  to 
cause  infection  when  paired  in  the  usual  way.  These 
lines  regained  their  virulence,  at  least  partially,  after 
a  few  asexual  transfers  on  arsenite-free  media,  thus 
suggesting  adaptation  rather  than  mutation.  It  has  been 
clearly  demonstrated  that  there  is  a  carry-over  effect 
from  a  physiological  treatment  or  toxic  substrate  to 
another  medium  (257).  Naturally,  apparent  adaptation 
to  toxic  materials  can  arise  by  mutations  and  use 
of  mass  inoculum  consisting  of  mixed  biotypes. 

When  Petty  (256,  257)  grew  a  line  of  U.  maydis  at 
21°,  32°,  and  35 CC  for  5  cultural  generations  over  a 
period  of  6-9  months,  he  obtained  no  proof  of  adapta- 
tion to  higher  temperature.  Although  phenotypic 
changes  were  frequent  at  32°  and  35°C.  some  of  the 
changes  persisted  for  only  1  or  2  cultural  generations 
and  others  did  not  persist  beyond  the  generation  of 
their  origin.  Mutations  in  cultural  characters  were 
common  at  the  higher  temperatures;  none  of  the 
mutants  grew   faster  than   their  parents. 

Since  mutations  are  rather  frequent  in  U.  maydis 
and  since  toxic  materials  induce  mutation,  the  possibil- 
ity of  mutation  as  a  cause  of  adaptation  must  not  be 
overlooked.  Further,  because  certain  mutants  may 
be  hidden  by  the  parental  culture  through  many 
transfers,  there  is  always  the  possibility  of  using 
mixed  biotypes  as  inoculum.  Then,  too,  genetic  changes 
affecting  the  physiology  of  the  fungus  may  occur 
without  any  apparent  change  in  colony  morphology. 
Obviously,  these  facts  must  be  given  due  consideration 
in  any  study  on  adaptation  (53,  203,  314).  Unfortu- 
nately, detailed  genetic  analyses  were  seldom  made  on 
the  smut  populations  involved  at  the  end  of  the  ex- 
periments. 
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Fig.  9.  Phenotypic  variability  in  Ustilago  maydis  due  to  differences  in  nutrients.  Duplicate  colonies  of  a  monosporidial 
line    of    V.    maydis    on    3    different    media    (Stakman,    et    al.,    314). 


Fig.    10.  Seven  mutants  of   Ustilago   maydis  of  a   haploid  line   derived   as   segregate    from   a   diploid   line;    parent   in 
upper  left  hand  corner.   Mutants  again    sectoring    (Christensen,    55). 
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Phenotypic  variability  and  mutation  constitute  a 
formidable  barrier  to  precise  studies  on  physiology  and 
inheritance   studies   of   U.    maydis. 

Mutation. — Mass  cultures  of  U.  maydis  fre- 
quently become  nonpathogenic  after  many  transfers 
on  a  solid  artificial  substrate.  Such  changes  were  re- 
ported before  it  was  realized  that  U.  maydis  was 
heterothallic  (59.  312).  We  know  now  from  ex- 
periments that  the  variants  could  have  been  due  to 
selecting  unisexual  lines  from  a  mixed  population 
rather  than  due  to  mutants.  Since  1927,  studies 
on  mutation  in  U.  maydis  have  been  based  chiefly 
on  monosporidial  isolates  which  are  uninucleate  and 
haploid  or  diploid.  Even  then,  it  still  possible  that 
some  variants  that  arise  in  the  diploid  lines  might 
be  due  to  somatic  segregation   (58,   111.   145). 

Nature  and  type  of  mutation. — Mutation  is  one  of 
the  primary  causes  of  genetic  variation  in  smut  organ- 
isms and  U.  maydis  appears  to  be  the  most  mutable 
species  of  smut  studied  so  far  (310.  314).  Mutations  in 
U.  maydis  can  occur  with  respect  to  virtually  any 
physiological  and  cultural  character  selected  (Fig.  10). 
The  nature  and  frequency  of  mutation  in  U.  maydis 
have  been  studied  at  Minnesota  continuously  for  30 
years.  During  this  period,  many  thousands  of  mutants 
have  been  isolated  and  studied;  and  a  great  many  more 
observed.  The  types  of  mutations  most  commonly 
observed    are    the    following: 

1)  Cultural  characters,  including  color,  topography, 
consistency  of  colonies,  direction  of  growth,  nature 
of  margin,  zonation.  rate  of  growth,  and  type  of 
growth   (sporidial  or  mycelial). 

2)  Physiological  characters,  including  enzyme  pro- 
duction, reaction  to  chemical  ( including  dyes')  and 
toxic  substances,  response  to  temperatures,  and  tend- 
ency to  mutate. 

3)  Morphological  characters,  including  size,  shape, 
and  color  of  sporidia;   and  size  of  chlamydospores. 

4)  Sexual   compatibility  and   virulence. 

The  magnitude  of  the  differences  in  cultural  char- 
acters among  mutants  and  their  parents  was  often 
striking,  but  sometimes  almost  imperceptible.  For 
instance,  the  mutants  from  a  single  brown  mono- 
sporidial line  of  U.  maydis  varied  from  near  black  in 
color  to  pure  white  with  an  indefinite  number  of 
colors  between  these  2  extremes.  Even  the  degree  or 
shade  of  "whiteness"  may  vary  tremendously  (314. 
319.  320).  Perkins  (254).  in  1949.  isolated  biochemical 
mutants  that  required  special  growth  substances.  Such 
mutants  should  serve  as  an  excellent  tool  in  studying 
biochemical  genetics. 

Mutations  in  shape  and  size  of  sporidia  are  not 
uncommon  in  cultures  growing  on  nutrient  media  (55. 
314).  One  mutant  line  formed  irregular  sporidia  of 
diverse  shapes,  another  produced  dumbbell-shaped 
sporidia,  and  still  another  produced  sporidia  which 
were  usually  blunt  at  the  ends.  Some  mutants  had  a 
tendency  to  develop  dark  pigment  in  their  sporidia. 
Actually,  when  certain  lines  were  grown  on  a  special 
substrate,  it  was  difficult  to  recognize  the  sporidia  as 
those  of  U.  maydis  (55). 

There  may  be  pronounced  changes  in  compatibility 
among  haploid  lines  (314).  Although  mutation  in 
factors    for    sex    and    virulence    occasionally    occurs, 


Fig.  11.  A  monosporidial  haploid  line  of  Ustilago  may- 
dis growing  on  potato-dextrose  agar  and  mutating.  Mu- 
tants arising  within  a  sector  (mutant)  (Stakinan,  et  al., 
314). 

mutation  for  complete  sex  reversion  has  never  been 
reported.  In  U.  maydis,  most  mutations  of  genes  for 
virulence  have  involved  loss  of  factors  for  patho- 
genicity. As  in  other  mutant  characters,  there  may  be 
many  changes  in  degrees  of  virulence  (54.  111.  314). 
Diploid  lines  occasionally  produced  mutants  that 
failed  to  cause  infection  when  injected  singly  into 
corn  plants  by  means  of  the  hypodermic  syringe 
(55.  111).  Obviously,  it  is  harder  to  determine  muta- 
tion for  virulence  than  it  is  for  certain  cultural  char- 
acters, as  the  host  must  be  inoculated.  Of  IS  mutants 
that  Gattani  (111)  obtained  from  a  single  diploid 
line,  2  were  more  pathogenic  than  the  parental  line, 
7  were  less  pathogenic,  and  6  were  about  equal  to  the 
parent  in  pathogenicity. 

Mutation  in  U.  maydis  is  readily  detected  when  the 
organisms  are  grown  on  a  solid  nutrient  substrate. 
On  such  a  medium,  the  mutants  most  frequently 
appear  as  a  wedge  or  fan-shaped  sector  in  the  colony; 
more  rarely,  they  occur  as  irregular  isolated  patches 
(Fig.  11).  A  large  percentage  of  the  sectors  usually 
develop  near  the  edge  of  a  colony  although  they 
also  may  arise  at  or  near  the  center.  The  patch  mutants 
may  occur  any  place  on  the  colony,  but  are  generally 
more  difficult  to  detect  than  sector  mutants.  Sectors 
vary  greatly  in  size,  shape,  color,  and  cultural  char- 
acters; and  also  in  sharpness  of  outline  (314).  Some- 
times, small  distinct  sectors  may  occur  within  primary 
sectors.  Many  mutants  that  are  not  favored  by  a 
particular  medium  are  apt  to  be  overrun  by  parental 
lines  or  a  vigorous-growing  mutant  and  thus  never 
observed.  Obviously,  many  mutants  are  not  observed 
because  they  may  appear  similar  to  their  parents  on 
the  cultural  medium  on  which  they  arose,  but  some- 
times they  are  quite  different  when  grown  in  a 
different  environment.  In  addition,  changes  may  occur 
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Fig.   12.  A    surface-dispersed    plate    of    a    black  mono- 

sporidial  line  of  Ustilago  maydis  grown  in  a  shake  culture 

in  potato-dextrose  agar.  The  black  line  has  given  rise  to 
several  kinds  of  white  mutants   (Lu,  203). 

in  factors  for  compatibility,  virulence,  and  physiology 
without  obvious  modification  of  cultural  characters. 
Naturally,  genetic  changes  for  certain  morphological 
characters  such  as  size  and  echinulation  of  chlamydo- 
spores  and  changes  in  parasitism  cannot  be  ascer- 
tained without  inoculating  the  host. 

Frequency  of  mutation. — Although  mutation  some- 
times appears  to  be  extremely  common  in  U.  maydis, 
one  should  bear  in  mind  that  in  a  single  sporidial 
colony,  25-30  mm  diam,  there  may  be  many  million 
individual  sporidia.  Therefore,  even  if  there  were 
25-30  mutants/colony,  the  rate  of  mutation  would 
be  relatively  low.  The  mutation  rate,  however,  may 
be  much  higher  than  is  readily  apparent  for  there  is 
good  evidence  that  many  mutants  are  overlooked  when 
the  organism  is  grown  on  a  solid  substrate.  Lu  (203) 
and  Rowell  (280)  have  demonstrated  that  mutants 
are  often  carried  along  for  many  cultural  generations 
as  cohabitants  with  their  parental  line.  Certain  bio- 
types  in  a  culture  may  be  slow  growers,  others  fast; 
some  may  tolerate  a  substance  and  others  may  be 
inhibited  by  it.  Therefore,  such  biotypes  may  be 
suppressed  during  their  sojourn  on  a  particular  medium. 
Even  the  cultures  that  appear  most  constant  may 
harbor  mutants  that  may  be  unobserved  in  many  suc- 
cessive cultural  transfers  in  nutrient  media  and 
become  visible  only  when  dilution  plates  are  made 
from  shake-cultures.  Obviously,  this  has  many  im- 
portant implications  in  both  genetic  and  physiological 
studies  and  in  practical  application. 

The  most  accurate  method  for  detecting  the  fre- 
quency and  kind  of  mutation  is  by  a  surface-dilution 
method  on  solid  agar  medium.  This  is  particularly 
true  if  the  organism  is  increased  by  the  shake-culture 
method.  By  this  technique,  Lu  (203 )  demonstrated 
that  the  rate  of  mutation  of  a  black  monosporidial 
line  to  white  was  about  1-1.000  (Fig.  12). 

Stability  of  mutants. — There  are  marked  differences 


in  the  tendency  among  monosporidial  lines  to  mutate 
(55,  314).  Certain  lines  of  U.  maydis  apparently 
seldom  mutate  under  a  normal  range  of  growing  con- 
ditions on  artificial  media,  whereas  other  lines  mutate 
frequently  (54,  314,  319).  Moreover,  Stakman,  et  al. 
(319)  found  that  the  tendency  to  mutate  in  U.  maydis 
was  due  to  genetic  factors;  and  that  in  certain  crosses, 
there  were  clear-cut  segregations  for  mutability  and 
constancy.  In  general,  there  is  a  tendency  for  sporidial 
lines  to  mutate  more  frequently  than  mycelial  lines, 
but  this  is  not  necessarily  true  (55,  319).  Some 
sporidial  lines  have  been  remarkably  stable;  this  was 
true  of  large  populations  of  sporidial  lines  isolated 
from  one  particular  gall  (55).  Some  mutants  remain 
relatively  constant  through  many  successive  cultural 
generations,  whereas  others  produce  new  mutants  and 
these  in  turn  may  produce  still  other  mutants  and  so 
on  (Fig.  13).  Mutants  with  specific  characters  can  be 
asexually  propagated  for  many  cultural  generations 
without  any  apparent  change.  Stakman,  Tyler,  and 
Hafstad  (323)  showed  that  cultural  characters  of 
several  mutants  retained  their  distinctive  characters 
for  several  years,  although  transferred  many  times 
and  grown  under  different  conditions.  The  virulence 
of  these  mutants  which  differed  greatly  from  their 
parent  also  remained  constant  for  more  than  3  years. 
There  is  considerable  evidence  which  indicates  that 
environmental  factors  affect  the  frequency  of  mutation 
as  some  monosporidial  lines  mutate  readily  on  one 
medium,  but  seldom  if  ever  on  another  (314).  It  is 
regrettable  that  in  many  cases  experimental  data  on 
the  effect  of  environmental  factors  influencing  the 
frequency  of  mutation  were  based  on  small  samples 
and  on  material  that  lacked  genetic  diversity.  There- 
fore, many  of  the  results  may  be  indicative  rather  than 
conclusive.  Stakman.  et  al.  (316)  grew  4  monosporidial 


Fig.  13.  A  mutant  of  Ustilago  maydis  which  originated 
through  6  successive  mutations  and  still  producing  mu- 
tants   (Stakman,   et  al.,    314). 
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lines  of  U.  maydis  that  were  derived  from  4  states 
on  IS  different  solid  substrates.  Mutation  occurred 
in  5  media,  the  greatest  number  was  on  3C'C  sucrose 
agar  containing  0.006ro  NaN03.  Both  sodium  nitrate 
and  calcium  nitrate  stimulated  mutation,  whereas 
ammonium  phosphate  seemed  to  inhibit  mutation. 

Gattani  (111)  attempted  to  increase  the  frequency 
of  mutation  by  adding  the  following  deleterious  sub- 
stances to  potato-dextrose  agar:  lead  nitrate,  malachite 
green,  potassium  chloride,  bismuth  nitrate,  iron  sul- 
fate, mercuric  chloride,  and  uranium  nitrate;  only  the 
last  2  compounds  increased  the  frequency  of  mutation. 
Several  other  workers  have  shown  that  uranium  com- 
pounds increased  the  frequency  of  mutation  in  U. 
maydis  i  70.  316  i. 

Exposure  of  cultures  of  U.  maydis  to  ultraviolet 
radiation.  X-rays,  and  radioactive  substances  may 
greatly  increase  the  type  and  frequency  of  mutation 
(70,  111,  2  79,  203,  144).  In  fact,  such  mutagenic 
agents  have  produced  a  vast  number  of  mutants  that 
differ  strikingly  in  many  physiological,  biochemical, 
and  cultural  characteristics;  and  in  pathogenicity.  By 
means  of  ultraviolet  light  irradiation.  Holliday  (144) 
increased  the  frequency  of  mutation.  By  this  method, 
he  isolated  100  biochemical  mutants,  30  of  these 
were  used  in  genetic  studies.  Holliday  (144)  clearly 
proved  biochemical  mutants  to  be  most  useful  as 
genetic  markers  in   basic  genetic   studies. 

According  to  Stakman.  et  al.  (314).  Petty  (256), 
and  Schmitt  (,290).  higher  temperatures,  25°C  or  above, 
are  conducive  to  mutation.  Schmitt  (290)  obtained 
no  sectors  in  colonies  grown  at  temperatures  below 
20°C,  whereas  the  writer  occasionally  obtained  muta- 
tion in  certain  lines  at  about  20°C,  although  mutation 
rate  was  much  higher  at  25  :C  or  above.  High  tem- 
perature, like  other  mutagenic  agents,  not  only  in- 
creases the  frequency  of  mutation,  but  induces 
pronounced  and  diverse  genetic  changes  and  conse- 
quently the  stock  cultures  may  become  a  mixture  of 
biotypes  if  kept  at  20°C  or  above.  Therefore,  it  is 
desirable  to  store  stock  cultures  of  U.  maydis  at  17°C 
or  lower  in  order  to  inhibit  genetic  changes. 

Genetics  of  U.  Maydis. — Suitable  material. — U. 
maydis  is  a  very  suitable  pathogen  for  genetic  studies. 
It  is  a  facultative  saprophyte  and  can  be  grown 
readily  on  many  artificial  substrates  under  varying, 
but  exacting  conditions.  Although  the  sporidia  are 
propagative  bodies,  they  are  also  gametic  in  nature. 
The  sporidia  are  uninucleate,  usually  haploid,  and  bud 
in  a  yeast-like  manner.  The  progeny  of  single  sporidia 
are  actually  clonal  lines  and  constitute  biotypes.  bar- 
ring  subsequent    mutation. 

For  genetic  analysis,  complete  sets  of  4  sporidia  can 
be  isolated  and  their  points  of  origin  on  the  promy- 
celium  determined  (Fig.  14).  In  fact,  it  is  sometimes 
possible  to  isolate  successive  sets  of  sporidia  from 
the  same  promycelium.  As  many  as  15  successive 
sporidia  have  been  isolated  from  a  single  promycelial 
cell  (319).  Consequently,  it  is  possible  not  only  to 
study  the  haploid  progeny  of  single  chlamydospores, 
but  also  the  nature  and  number  of  nuclear  generations 
involved  in  meiosis. 

There  are   certain  advantages  and  disadvantages   in 


Fig.  14.  Germinating  chlamydospores  of  Ustilago  may- 
dis with  a  4-celled  promycelium,  each  cell  producing  a 
sporidium    (Stakman,    310). 

investigating  basic  genetical  problems  in  U.  zeae.  The 
dicaryon  cannot  be  maintained  in  artificial  culture. 
The  true  F1  generation  cannot  be  propagated  inde- 
pendently making  it  difficult  to  study  segregation.  Only 
the  sporidia  produced  on  the  promycelium  of  chlamydo- 
spores resulting  from  a  cross  can  be  propagated 
independently.  These  can  be  interpreted  as  the  Fx 
gametes.  They  can  be  readily  propagated  independently 
on  many  different  kinds  of  artificial  culture  media, 
thus  making  it  possible  to  study  gametic  lines  under 
different  and  exact  environmental  conditions.  The 
sporidia  do  not  mate  readily  on  artificial  media,  but 
they  can  be  paired  at  will  in  living  corn  plants. 

The  genetic  work  in  U.  maydis  could  be  greatly 
simplified  if  mature  chlamydospores  could  be  pro- 
duced readily  in  an  artificial  substrate.  Although 
chlamydospore-like  bodies  in  U.  maydis  are  not  un- 
common in  culture,  there  is  no  evidence  that  they 
behave  physiologically  like  normal  chlamydospores 
(111).  Griiss  (119)  in  1902  reported  the  production 
of  chlamydospores  in  artificial  media.  Other  investi- 
gators (111,  285.  290)  have  observed  chlamydospore- 
like  bodies  in  cultures.  Whether  these  bodies  were  the 
results  of  nuclear  fusion  or  just  transformed  haploid 
or  dicaryotic  mycelium  was  not  ascertained.  Gattani's 
results  (111)  indicate  that  chlamydospore-like  bodies 
without  distinct  echinulation  are  not  uncommon  in 
artificial  cultures  to  which  toxic  material  was  added; 
however,  they  also  produced  no  promycelia  on  ger- 
mination. 

Unfortunately,  it  has  not  yet  been  possible  to  study 
the  chromosomal  behavior,  as  the  nuclei  of  U.  maydis 
are  extremely  small.  Nevertheless,  circumstantial  evi- 
dence for  reduction  division  has  been  obtained  by 
analyzing  the  progenies  from  individual  chlamydo- 
spores. As  the  incubation  period  in  the  host  is  rela- 
tively short,  usually  ranging  from  10  days  to  2  weeks, 
it  is  possible  to  study  many  successive  sexual  genera- 
tions in  a  single  year. 
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Fig.  15.  Monosporidial  progenies  of  2  chlamydospores.  Left,  progeny  of  first  chlamydospore  generation  of  solo- 
pathogenic  line.  Right,  progeny  of  chlamydospore  which  was  produced  by  a  monosporidial  line  that  had  shown  seg- 
regation of  cultural  factors  the  previous  chlamydospore  generation,  but  not  for  sex.  In  this  second  chlamydospore 
generation,    there    was    again    reduction  of  factors  for  cultural  characters  and  also  for  sex   (Chrislensen,  55). 


Nuclear  behavior  in  germination. — As  definite  in- 
formation on  the  nature  of  germination  and  of  nuclear 
behavior  is  prerequisite  for  correct  genetic  interpreta- 
tion of  segregation,  these  phenomena  are  presented 
in   considerable   detail. 

Chlamydospores  are  uninucleate  and  diploid  and 
meiosis  usually  occurs  during  germination  and  promy- 
celial  development.  There  are  many  deviations  from 
the  normal  in  both  promycelial  and  sporidial  produc- 
tion. The  diploid  nucleus  may  divide  first  in  the 
chlamydospore  or  it  may  apparently  move  out  of  the 
spore  and  then  divide  (51).  There  appears  to  be  a 
difference,  in  this  respect,  in  chlamydospores  from 
different  galls  (55.  123.  182  i.  In  either  case,  one  finds 
a  nucleus  in  the  promycelium  when  it  is  about  J^-J^ 
of  its  mature  length.  The  fusion  nucleus  divides  and 
then  the  2  daughter  nuclei  divide  again.  Three  of 
these  nuclei  often,  although  not  always,  come  to  lie 
equally  distributed  in  the  promycelium.  whereas  the 
other  1  is  usually  in  the  chlamydospore.  Sometimes, 
however,  all  4  nuclei  are  found  in  the  promycelium 
and  none  can  be  seen  in  the  chlamydospore.  From  1 
to  3  cross  walls  are  usually  formed.  In  nearly  all  cases, 
a  septum  is  laid  down  between  daughter  nuclei  of  the 
first  division.  In  many  cases,  however,  the  septum 
between  the  daughter  nuclei  of  the  second  division 
cannot  be  discerned.  The  promycelium  with  4  primary 
sporidia  is  considered  the  normal  type,  but  it  is  not 
the  predominant  type  Cl82i.  The  primary  sporidia 
usually  appear  at  definite  positions  on  the  promy- 
celium. Nevertheless,  irregularity  in  position  and  in 
production    of    sporidia    are    frequently    noted.    Some- 


times 2  or  3  sporidia  will  bud  almost  simultaneously 
from  the  same  cell.  It  is  not  uncommon  to  see  5-7 
primary  sporidia  arising  from  the  same  promycelium. 
If  1  or  2  of  the  usual  4  primary  sporidia  are  removed 
before  the  others  have  developed,  irregularity  and 
mass    production    of    sporidia    occur   most    frequently. 

Meiosis. — Meiosis  normally  involves  2  divisions. 
Many  of  the  early  workers  believed  that  reduction 
occurred  in  the  first  or  second  division  of  the  fusion 
nucleus  (54.  123.  314).  The  apparent  segregation  of 
factors  in  the  second  division  can  best  be  explained 
on  the  basis  of  crossing-over,  reduction  in  chromo- 
somes in  the  first  division  and  segregation  of  chroma- 
tids in  the  second.  Meiotic  crossing-over  apparently 
occurs  in  U.  maydis  (14S).  Although  linkage  has  been 
demonstrated  for  few  characters  in  U.  maydis,  com- 
plete linkage  between  characters  seems  relatively  rare 
and  it  is  rather  difficult  to  detect,  at  least  for  bio- 
chemical  factors    (145,    ISO.   319). 

Karyogamy. — When  corn  plants  are  infected  by 
lines  of  opposite  sex.  karyogamy  usually  occurs  im- 
mediately before  gelatinization  and  segmentation  of 
the  hyphae.  The  actual  fusion  of  nuclei,  however, 
has  never  been  definitely  observed.  In  those  rare  in- 
stances in  which  mycelial  segments  after  initial  fusion 
are  still  binucleate.  it  is  possible  that  another  fusion 
occurs  in  the  chlamydospore.  Then.  too.  the  nuclei  in 
a  segment  might  be  of  the  same  or  different  genetic 
constitution,  either  in  the  haploid  or  diploid  condition; 
or  one  may  be  haploid  and  the  other  diploid.  There- 
fore, a  nucleus  in  a  mature  chlamydospore  might  be  in 
the  2x.  3x.  or  4x  condition   (55.  85.   145V  Sometimes 


26 


a  chlamydospore  may  contain  2  nuclei.  Ehrlich  (85) 
observed  binucleate  chlamydospores  and  cytological 
studies  indicated  that  the  2  nuclei  could  be  either  2 
haploid  or  2   diploid  or  one  of  each. 

Some  chlamydospores  give  rise  to  2  promycelia. 
From  such  a  spore,  monosporidial  cultures  of  5  dis- 
tinct types  were  isolated  (55).  These  could  have  been 
the  product  of  a  chlamydospore  with  more  than  1 
nucleus  or  the  result  of  mutation. 

Delayed  reduction. — Meiosis  in  U.  maydis  does  not 
always  occur  in  a  regular  manner.  Segregation  of 
factors  for  sexual  compatibility  and  other  characters 
are  not  always  completed  in  the  second  division  of 
the  fusion  nucleus.  There  may  be  partial  reduction  or 
none  at  all  at  the  time  of  chlamydospore  germination 
(51.   55.  279). 

Christensen  (54).  Eddins  (83),  and  others  (52.  203. 
301,  358)  obtained  uninucleate  monosporidial  lines  that 
caused  infection  when  injected  into  the  corn  plant. 
They  produced  galls  and  normal  chlamydospores  that 
germinated  like  those  derived  from  normal  dicaryons 
and  segregation  also  occurred  for  sex  factors  and  many 
cultural  characters.  Therefore,  it  was  generally  assumed 
that  the  solopathogens  were  diploid  lines  (55). 

Sometimes,  the  diploid  lines  can  be  passed  through 
the  chlamydospore  stage  2  or  more  times  without  any 
apparent  genetic  changes;  although  segregation  of 
chromosomes  usually  occurs  in  the  first  chlamydospore 
generation.  In  a  few  instances,  there  was  segregation  of 
factors  for  color  and  cultural  characters  in  first  chla- 
mydospore generations,  but  not  for  sexual  compatibility. 
In  the  second  chlamydospore  generation,  there  again 
was  segregation  of  factors  for  color  and  cultural  char- 
acters and  also  for  sexual  factors  (55V 

Sometimes,  the  same  promycelium  may  give  rise  to 
both  haploid  and  diploid  sporidia  (51,  52).  Reduction 
of  factors  for  sexual  compatibility  may  be  delayed  for 
at  least  2  successive  chlamydospore  generations,  whereas 
in  other  diploid  lines  segregation  may  occur  in  2  suc- 
cessive chlamydospore  generations  (Fig.  15).  Obviously, 
such  irregularity  in  segregation  does  not  fit  into  the 
normal  scheme  of  meiosis.  Perhaps,  the  nucleus  in  the 
mature  chlamydospore  was  in  the  tetraploid  or  aneuploid 
condition  or  perhaps  certain  factors  located  in  1  pair 
of  chromosomes  segregated  in  the  first  chlamydospore 
generation  and  those  in  another  pair  segregated  in  the 
second  generation.  Rowell's  ( 280 )  discovery  of  partial 
diploid  lines  that  are  not  pathogenic  may  help  to  explain 
this  unusual  phenomenon  of  delayed  segregation.  Hol- 
liday  (145)  also  obtained  partial  diploid  lines  of  U. 
maydis. 

Following  a  high  dose  of  ultraviolet  radiation,  Holli- 
day  (145)  isolated  a  slow-growing  unstable  segregate 
which  was  monosomic  and  which  consistently  reverted 
to  a  stable  diploid,  homozygous  for  1  chromosome.  He 
states  that  he  also  synthesized  a  triploid  which  was  less 
stable  than  the  parental  diploid  (  145"). 

Apparently,  meiosis  in  diploid  lines  may  occur  in  arti- 
ficial culture  media.  Christensen  (55),  in  1929.  found 
that  some  of  the  monosporidial  variants  of  2  solo- 
pathogenic  lines  were  nonpathogenic,  apparently  hap- 
loid; whereas  the  others  were  as  virulent  as  the  parental 
line.  It  is  possible  that  the  change  was  due  to  mutations 
which  were  not  uncommon  for  cultural  characters;  but 


Fig.  16.  Young  colonies  of  I'stilago  maydis  developing 
from  single  sporidia  of  a  diploid  line.  A)  Dwarf  colony 
consisting  of  distorted  cells  produced  in  72  hr  from  a 
single  cell  after  the  line  was  exposed  to  alpha  radiation. 
B)  Xonirradiated  colonv  after  24  hr  of  growth  (Rowell, 
279). 

it  seems  more  likely  that  somatic  reduction  occurred 
in  some  sporidia.  but  not  in  others,  during  the  process 
of  budding.  The  latter  seems  most  likely  as  indicated 
by  additional  work  of  the  writer  and  others  (58.  Ill, 
203). 

Two  years  later,  similar  submonosporidial  isolations 
were  made  from  2  other  solopathogenic  lines.  Again, 
a  few  of  the  subcultures  were  avirulent  when  injected 
into  the  corn  seedlings.  A  few  of  these  were  paired  with 
unisexual  lines  and  2  combinations  caused  infection  and 
galls  developed  (58).  These  apparent  haploid  segregates 
also  differed  from  their  diploid  parent  in  their  cultural 
characters.  By  growing  diploid  lines  in  culture  media 
containing  radioactive  material.  Lu  (203)  obtained 
many  haploid  lines.  Occasionally,  the  parental  types 
were  recovered  that  were  used  originally  in  making  the 
cross  from  which  the  diploid  lines  were  derived.  This 
is  additional  proof  that  meiosis  had  taken  place. 

Rowell  (279).  in  1955.  discovered  a  new  phenomenon 
in  sexual  behavior  of  solopathgenic  lines.  He  induced 
somatic  segregation  and  recombination  in  10  diploid 
lines  of  U.  maydis  by  means  of  alpha  radiation  of 
sporidia.  Such  a  treatment  gave  rise  to  many  slow- 
growing  colonies  (dwarfs)  with  distorted  cells  (Fig. 
16).  Their  rate  of  growth  was  only  1  1,000  of  that  of 
the  parental  lines.  The  dwarf  lines  were  not  stable  and 
had  a  marked  tendency  to  give  rise  to  fast-growing 
variants,  which  resembled  the  original  parental  lines  in 
type  and  rate  of  growth.  By  growing  the  monosporidial 
dwarf  lines  in  a  shake-culture  of  broth  and  then  re- 
isolating  monosporidial  lines,  he  obtained  many  genetic 
types.  At  least  6  different  unisexual  genotypes  were 
isolated  from  each  of  the  10  dwarf  lines  and  solo- 
pathogenic  lines  also  were  reisolated.  The  dwarf  lines 
remained  by  far  the  predominant  type.  Unfortunately, 
it  was  impossible  to  test  the  pure  dwarf  lines  for 
pathogenicity  because  in  a  few  days  they  became 
mixed  with  fast-growing  variants  that  were  constantly 
arising  in  the  cultures.  Rowell  (279)  concluded  that  the 
changes  in  sex  induced  by  radiation  were  similar  to 
those  that  occurred  in  the  same  diploid  lines  during 
meiosis  in  the  promycelia. 

It  is  not  known  whether  the  type  of  segregation  that 
occurs  in  the  saprophytic  stage  of  U.  maydis  is  normal 
meiosis  or  a  modified  type  of  reduction,  perhaps  akin 
to  parasexualism.  Nevertheless,  it  has  been  clearly 
demonstrated    that    segregation    occurs    for    sex    and 
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Fig.  17.  Sporidial  fusion  in  Ustilago  maxdis  (Brefeld, 
34). 

cultural  factors  during  the  vegetative  stage  of  U. 
maydis  <  145  i.  In  fact.  Holliday  concluded  that  mitotic 
crossing-over  occurs  in  diploid  lines,  although  they 
are  apparently  rare  and  most  of  the  exchanges  are 
single.  He  increased  the  frequency  of  mitotic  crossing- 
over  by  ultraviolet  radiation   (145). 

Number  of  chromosomes. — Most  investigators  in- 
dicate that  it  is  difficult  to  determine  the  number  of 
chromosomes  in  U.  maydis  (55,  58,  85).  The  nuclei 
in  U.  maydis  are  small,  ranging  in  diameter  from  1.1  li 
to  2.5  u  in  dicaryotic  hyphae.  from  1.7  u  to  2.5  li  in 
diploid  hyphae.  and  from  2.5  ii  to  3.0  u  in  mature 
chlamydospores  (85).  In  general,  the  diploid  number 
of  chromosomes  in  species  of  smut  fungi  is  4  i  58,  98). 
Kharbush  (183)  gives  4  for  U.  maydis.  Eight  of  the 
30  biochemical  markers  studied  by  Holliday  1 145 )  fell 
into  one  or  the  other  of  2  linkage  groups,  thus  indicat- 
ing that  the  basic  haploid  chromosome  number  is  2  in 
U.  maydis. 

Fusion. — The  tests  of  sexuality  in  smut  fungi  are 
usually  based  on  the  ability  of  sporidia  or  hyphae  to 
fuse  and  develop  in  the  host  and  eventually  produce 
chlamydospores.  It  is  now  well  known,  however,  that 
in  U.  maydis  fusion  occurs  between  sporidia  and 
mycelium  of  opposite  sex  in  artificial  culture.  Under 
certain  conditions,  it  was  a  rather  controversial  issue 
for  some  time  (123,  301.  312.  314).  Although  Brefeld 
(34),  as  early  as  1883.  observed  sporidial  fusion  and 
illustrated  it.  his  work  has  apparently  been  overlooked 
(Fig.  17).  Maire  (200).  in  1898.  also  illustrated  fusion 
of  sporidia  in  U.  maydis,  but  Hanna  (123)  indicated 
that  this  was  perhaps  the  process  of  budding  rather 
than  conjugation.  Somewhat  later.  Sartoris  (285) 
reported  sporidial  fusion  of   U.   maydis  in  culture. 

Hanna  (123).  in  1929.  observed  fusion  of  germ 
tubes  from  2  monosporidial  lines  of  opposite  sex  in 
the  tissue  of  corn,  but  he  did  not  observe  it  in  cul- 
ture. Others  obtained  similar  results.  Later  ('1932), 
Sleumer  (301)  and  Bowman  (31)  reported  fusion  of 
sporidia  fairly  common  on  certain  substrates. 

Recently.  Rowell  (280)  made  a  detailed  study  of 
the  genetic  factors  involved  in  sporidial  fusion.  He 
paired  individual  sporidia  by  micromanipulation  on 
drops  of  dilute  corn  coleoptile-extract  agar.  Under 
these  conditions,  sporidia  fused  within  3-4  hr  after  mat- 
ing and  a  distinct  hypha  developed  within  3-4  hr  after 
fusion.  Two  distinct  types  of  hyphae  developed.  One 
type  was  straight,  grew  rapidly,  branched  rarely,  and 
produced  aerial  chains  of  sporidia  after  about  24  hr 
of  growth.  These  were  similar  to  the  vigorous  hyphae 
(Suchfaden)    observed   by   Bauch    (12).   They   caused 


infection  and  produced  galls.  The  second  type  grew 
slowly,  branched  frequently,  and  produced  aerial 
sporidia  within  12  hr.  Sleumer  (301)  called  these 
atypical  hyphae  "Wirrfaden"  and  the  resulting  dicaryon 
was  nonpathogenic.  Rowell  (280)  concluded  that  1  pair 
of  factors  governed  the  process  of  sporidial  fusion, 
another  the  compatibility  of  the  paired  lines. 

Sexual  compatibility. — Many  studies  (54,  55.  282, 
301.  316)  on  the  inheritance  of  sexual  compatibility 
indicate  that  factors  for  sex  determination  in  U.  maydis 
are  much  more  complex  than  in  most  of  the  other 
smuts.  Hanna  (123)  concluded  that  at  least  2  pairs 
of  factors,  and  perhaps  more,  governed  sex  determina- 
tion in  V.  maydis.  In  1929,  Christensen  (54)  con- 
cluded that  sexual  reaction  in  U.  maydis  was  due  to 
multiple  factors  in  order  to  account  for  24  sexual 
groups.  The  results  have  been  corroborated  many 
times  (55,  280,  319). 

In  1951.  Whitehouse  (355)  concluded  that  there 
were  only  2  sexes  present  in  U.  maydis,  but  he  presents 
no  experimental  evidence  to  support  his  contentions. 
Recently.  Rowell  (279.  280)  made  a  most  detailed 
genetic  study  of  sex  factors  in  U.  maydis.  He  presents 
proof  that  sexual  reaction  in  U.  maydis  is  governed  by 
multiple  factors  and  that  there  are  at  least  2  loci 
for  sex  factors,  one  of  the  loci  with  2  alleles  and  the 
other  with  multiple  alleles.  This  is  the  only  tetra 
polar  mating  which  does  not  have  multiple  alleles  at 
both  loci.  He  also  presented  evidence  which  indicates 
that  sex  factors  at  least  sometimes  are  not  associated 
with  pathogenicity  (279).  Holliday  (145)  also  con- 
cluded that  the  production  of  chlamydospores  in  the 
host  is  controlled  by  alleles  at  2  loci. 

Inheritance  of  sex. — The  inheritance  of  factors  for 
sexual  compatibility  was  studied  by  isolating  full  sets 
of  primary  sporidia  from  a  promycelium  and  then 
making  all  possible  pairing  of  the  lines  within  each 
set.  Five  segregation  ratios  of  sex  factors  were  ob- 
tained: 4:0.  3:1,  2:2.  1:2:1,  and  1:1:1:1  (Fig.  18). 
The  first  class  actually  represents  2  groups.  In  one 
group,  no  apparent  reduction  of  sex  factors  occurred: 
all   sporidia   were   diploid  and   caused  infection   singly 
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Fig.  18.  Graphic  representation  of  5  different  segrega- 
tion ratios  of  factors  for  sex;  tendency  to  mutate;  and 
consistency,  topography,  color,  and  radial  growth  of 
colonies  obtained  from  individual  chlamydospores.  (Segre- 
gates of  one  chlamydospore  are  not  necessarily  genetically 
identical  with  those  of  another  spore  with  similar  letters.) 
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Fig.  19.  The  haploid  progenies  of  3  sets  of  4  mono- 
sporidial  lines  of  I'stilago  maydis  obtained  from  3  hybrid 
chlamydospores  F,  M,  and  K,  resulting  from  a  cross  of  a 
mutant,  K.,-1  with  line  L   (Stakman,  et  al.,  319). 

when  injected  into  corn.  In  the  other  group,  no  in- 
fection resulted,  although  the  sporidial  lines  paired  in 
all  possible  combinations  (55). 

This  type  of  segregation  for  self-sterility  is  not 
uncommon  in  U.  maydis.  Christensen  (55)  obtained 
no  galls  by  pairing  16  sets  of  primary  sporidial  lines 
when  all  possible  pairings  of  lines  within  each  set 
were  made.  When  these  sets  of  lines  were  paired  with 
those  of  chlamydospores  from  another  source,  how- 
ever, there  was  evidence  for  regular  segregation  of 
factors  for  sex. 

In  general,  the  pairing  of  lines  of  the  same  promy- 
celium  results  in  a  low  proportion  of  fertile  com- 
binations and  the  number  of  sexual  groups  may  be 
decreased  by  outbreeding:  the  progeny  from  one 
promycelium  may  fall  into  2  or  more  sexual  groups 
when  paired  in  all  possible  combinations,  but  behave 
alike  sexually  when  mated  with  the  progeny  from  an- 
other chlamydospore  (55).  All  attempts  failed  to  find 
4  monosporidial  lines  from  a  single  chlamydospore 
each  compatible  with  all  those  from  another  chlamydo- 
spore. Sex  ratios  obviously  depend  on  whether  they 
are  based  on  inbreeding  or  outbreeding.  This  fact  has 
frequently  been  overlooked  in  making  genetic  analysis 
of  factors  for  compatibility. 

Inheritance  of  cultural  characters. — Most  chlamydo- 


spores, whether  collected  in  nature  or  the  product 
of  controlled  crosses,  segregate  for  cultural  charac- 
ters. Visual  observations  indicate  that  the  segregates 
differ  in  all  cultural  characters  that  are  possible  to 
observe  such  as  color,  consistency,  luster,  topography, 
zonation,  type  of  margin,  and  rate  of  growth  of 
colonies.  Some  character  differences  are  very  distinc- 
tive, others  virtually  imperceptible.  Some  may  be 
alike  on  one  medium,  but  very  different  on  another. 

Although  most  investigators  have  concluded  that 
there  apparently  are  many  factors  involved,  only  a  few 
attempts  have  been  made  to  interpret  them  on  a 
strictly  factoral  basis.  Segregation  ratios  from  a  given 
promycelium  are  4:0.  3:1,  2:2,  1:2:1,  and  1:1:1:1 
(Fig.    19). 

The  type  and  extent  of  segregation  of  factors  for 
cultural  characteristics  depend  to  a  large  extent  on 
the  source  of  chlamydospores.  Thus,  from  a  cross 
between  two  contrasting  lines,  32  segregates  were 
isolated,  all  differed  greatly  in  their  cultural  charac- 
ters and  the  parental  types  were  not  recovered  (54). 
Even  the  haploid  progenies  from  a  diploid  mono- 
sporidial line  produced  numerous  distinct  cultural  lines 
on  a  nutrient  medium.  In  another  case,  76  unisexual 
lines  were  derived  from  2  smut  galls  collected  in 
Germany;  and  all  were  almost  identical  in  color,  type 
of  growth,  consistency,  and  rate  of  growth  of  colonies 
i  55 1.  Unfortunately,  these  results  are  based  on  1 
nutrient  substrate.  Even  the  diploid  lines  resembled 
the  unisexual  lines  in  all  cultural  characters. 

Inheritance  of  color. — Several  attempts  have  been 
made  to  study  the  inheritance  of  specific  colors  of 
cultural  characters.  Christensen  (55)  crossed  a  buff- 
colored  line  with  a  brownish-black  line.  The  colors  of 
the  segregates  when  grown  on  potato-dextrose  agar 
were  all  as  dark  or  darker  than  the  darker  parent  and 
a  few  were  distinctly  darker. 

Lu  (203)  made  7  crosses  between  a  white  and 
relativelv   stable   line   and   a   mutable   black   line.   The 


Fig.  20.  Colonies  from  the  progeny  of  a  single  hybrid 
chlamydospore  (black  X  white)  on  potato-dextrose  agar 
in  a  surface-dispersed  plate  taken  from  a  shake  culture  of 
potato-dextrose  broth   (Lu,  203). 
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Fig.  21.  Growth  types  of  sporidial  and  mycelial  par- 
ents and  germinating  Fx  chlamydospores  showing  differ- 
ences in  the  production  of  sporidia  and  hvphal  branches 
(Kernkamp,   179). 

segregants  mutated  so  frequently  from  black  to  white 
and  to  intermediate  colors  that  it  was  impossible  to 
determine  the  number  of  factors  involved  in  the  in- 
heritance of  color  (Fig.  20 1.  Lu's  results  suggest  that 
it  would  be  highly  desirable  to  make  all  segregation 
studies  for  color  and  culture  types  by  the  dilution 
method  rather  than  by  mass  transfer. 

Stakman.  et  al.  (320)  made  crosses  between  white 
and  black  lines  of  U.  maydis.  Although  their  results 
indicate  a  single  factor  difference,  the  number  of 
factors  involved  in  color  production  could  not  be 
definitely  stated  because  the  progeny  of  different 
chlamydospores  gave  different  segregation  ratios  for 
whiteness  (320).  According  to  these  investigators 
(320  i.  the  degree  or  intensity  of  whiteness  among  the 
isolates  was  very  great.  Of  course,  the  intensity  of 
pigmentation  may  be  modified  by  the  consistency  and 
topography  of  the  colonies  and  the  amount  of  super- 
ficial aerial  mycelium.  Naturally,  the  kind  of  medium 
also  may  have  a  profound  effect  on  pigmentation  of 
the  colonies. 

Mutability. — Several  workers  have  repeatedly  pointed 
out  that  certain  lines  of  U.  maydis  mutate  frequently, 
whereas  others  were  relatively  stable  (54,  314).  This 
led  to  studies  on  the  nature  of  inheritance  for 
mutability.  Stakman.  et  al.  (319)  isolated  4  primary 
sporidia  from  1  chlamydospore  and  segregation  oc- 
curred for  5  characters  including  the  tendency  to  mu- 
tate. Two  lines  were  mutable  and  2  were  stable  when 


grown  on  potato-dextrose  agar.  The  2  mutable  lines 
developed  360  sectors,  whereas  the  2  constant  lines 
grown  under  the  same  environment  produced  none. 
Fortunately.  2  of  the  mutable  lines  were  of  opposite 
sex  and  so  were  2  of  the  constant  lines  and  thus  facili- 
tated the  crossing  of  desirable  lines  for  genetic  studies. 

Crosses  were  made,  mutable  X  mutable  and  con- 
stant X  constant.  The  progenies  from  the  former 
crosses  yielded  chiefly  mutable  lines  and  the  latter 
usually  constant  lines.  These  results  indicate  that 
mutability  and  constancy  are  controlled  by  genetic 
factors.  Because  of  the  mutability  of  these  lines.  Stak- 
man and  coworkers  were  able  to  isolate  more  than 
5.000  biotypes  that  traced  back  to  the  initial  parental 
cross  between  2  lines  with  contrasting  characters.  In 
general,  the  sporidial  lines  tended  to  be  more  mutable 
than  mycelial  lines,  but  the  linkage  between  the  fac- 
tors for  the  growth  types  and  the  factor  for  the 
tendency  to  mutate  was  not   complete   (319). 

There  is  fairly  good  evidence  that  the  following 
morphological  characters  are  inherited:  tendency  to 
produce  sporidia.  hyphal  branches  or  hvphal  pegs  in- 
stead of  sporidia.  size  of  spores,  length  of  promycelia, 
and  tendency  for  promycelia  to  lyse  (52).  Detailed 
genetic  studies  on  most  of  these  characters,  however, 
are  rather  limited. 

Hyphal  branches. — Kernkamp  (178.  179.  180)  recog- 
nized 3  types  of  growth  on  culture  media:  strictly 
sporidial.  mycelial,  and  various  intermediates.  The 
growth  types  of  sporidial  and  mycelial  lines  could  not 
be  changed,  whereas  the  intermediate  lines  could 
readily  be  shifted  one  way  or  the  other  by  various 
environmental   factors. 

Crosses  between  mycelial  lines  tended  to  produce 
mycelial  growth  types,  whereas  crosses  between  inter- 
mediate lines  produce  more  sporidial  lines  than 
mycelial  lines.  The  progenies  from  crosses  between 
sporidial  and  mycelial  lines  gave  rise  to  the  parental 
types,  but  crosses  between  many  strictly7  sporidial 
lines  gave  no  infection  (Fig.  21).  Cytological  studies 
indicated  that  these  lines  lack  the  ability  to  develop 
mycelium  in  the  host,  but  when  outbred  they  caused 
normal  infection.  Kernkamp  (ISO)  concluded  that 
the  2  growth  types  were  genetically  controlled  and 
2  or  more  genetic  factors  were  involved. 

Promycelia  from  certain  other  crosses  tended  to 
develop  hyphal  branches  or  peg-like  structures  instead 
of  sporidia  (55).  In  1  cross,  only  about  2%  of  the 
promycelia  produced  sporidia  in  a  normal  manner. 
In  such  cases,  the  promycelium  was  usually  normal, 
blunt  at  the  distal  end:  whereas  the  promycelia  of  the 
other  98';  were  usually  pointed  at  the  end.  The 
pointed  promycelia  were  very  inconsistent  as  to  the 
number  of  primary  sporidia  they  produced :  some 
developed  4.  others  2  or  3.  and  still  others  only  1. 
There  was  no  regularity  as  to  the  cell  from  which 
the  sporidia  originated.  Many  promycelia  never  gave 
rise  to  any  sporidia.  but  developed  a  sporidium-like 
structure  that  grew  directly  into  a  hyphal  branch.  In 
many  cases,  a  mixture  of  sporidia  and  hyphal  branches 
arose  from  the  same  promycelium.  A  few  budded  off 
1  to  3  or  even  4  sporidia  and  then  ceased  to  develop 
further:  others  produced  short  germ  tube-like  hyphae 
and   then   died:    still   others   failed   to   grow7  at   all.   A 
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small  percentage  of  these  sporidia   appeared   to   grow 
perfectly  normally   (55). 

Lysis. — Sometimes,  abnormal  germination  of  chla- 
mydospores  is  associated  with  lysis  of  the  promycelia. 
Chilton  (50.  51.  52)  found  that  chlamydospores  from 
certain  crosses  produced  gnarled  and  distorted  promy- 
celia that  either  lysed  before  producing  sporidia  or 
developed  only  a  few  sporidia  in  an  irregular  manner. 
The  factors  for  lysis  were  carried  only  in  certain 
haploid  and  diploid  lines.  By  making  the  appropriate 
crosses,  he  proved  that  the  tendency  for  lysis  was 
partially  dominant  and  that  at  least  2  or  more  genetic 
factors  were  involved,  as  distinctly  different  degrees 
of  lysis  occurred  in  different  crosses.  This  type  of 
abnormal  germination  was  usually  associated  with  large 
chlamydospores  and  the  tendency  to  produce  diploid 
sporidia.  Both  the  haploid  and  diploid  lines  that  car- 
ried the  factors  for  lysis  grew  normally  on  nutrient 
agar.  According  to  Christensen  (55),  diploid  lines  are 
not  always  associated  with  lysis  of  promycelia. 

Formation  of  chlamydospores. — Moore  ('229 1.  in 
1932.  found  that  3  dicaryophytes.  derived  by  pairing 
haploids  from  the  same  chlamydospore,  differed  greatly 
in  their  ability  to  form  chlamydospores  on  corn  plants, 
even  though  they  developed  numerous  galls  containing 
abundant  mycelium.  One  dicaryon  rarely  produced 
chlamydospores — and  in  some  galls,  none — although  it 
induced  large  overgrowths.  The  number  of  chlamydo- 
spores formed  also  varied  with  the  variety  and  line 
of  corn  inoculated. 

Later.  Stakman.  et  al.  (320)  mated  many  "white" 
monosporidial  lines  in  various  combinations.  Although 
compatible  combinations  produced  large  galls  with 
the  normal  amount  of  stout  mycelium,  no  mature 
chlamydospores  developed.  When  some  of  these  white 
lines  were  crossed  with  tester  lines,  they  developed 
normal  chlamydospores.  Apparently,  the  nuclei  of  the 
lines  have  the  necessary  factors  for  attraction  and 
association  and  growth  that  enable  them  to  produce  the 
dicaryon  and  cause  infection,  but  lack  the  necessary 
factors  for  nuclear  fusion  or  factors  essential  for 
chlamydospore  maturation. 

Pathogenicity. — Although  it  has  been  repeatedly 
demonstrated  that  dicaryon  and  diploid  ( solopathogen) 
lines  differ  distinctly  in  their  ability  to  attack  different 
varieties  and  lines  of  corn,  very  little  is  known  about 
the  inheritance  of  virulence.  Even  dicaryons  derived 
from  the  same  chlamydospores  may  differ  greatly  in 
pathogenicity,  as  do  solopathogens  derived  from  the 
same  cross  (54.  55.  Ill  i.  Some  are  very  pathogenic 
and  produce  large  galls,  others  are  virtually  non- 
pathogenic and  produce  small  or  incipient  galls,  and 
still  others  are  more  or  less  intermediate  in  their 
parasitic  behavior.  Similar  differences  also  occur  in 
the  production  of  chlorosis  and  anthocyanin  pigment 
on  certain  inbred  lines  of  corn  (54,  111). 

Great  diversity  in  virulence  also  frequently  arises 
by  mutation  in  both  haploid  and  diploid  lines  (  54. 
111.  314.  322).  Although  most  of  the  changes  are 
associated  with  loss  of  virulence,  occasionally  there 
is  a  gain  in  virulence.  Changes  in  virulence  are  most 
easily  detected  in  solopathogenic  lines.  It  is  generally 
accepted  that  virulence  is  conditioned  by  several 
factors  as  indicated  by  great  range  of  virulence  among 
biotypes.  especially  in  diploid  lines  (54,  55,  111.  280). 


Toxic  Effect  of  Smut. — Whether  corn  smut  was 
injurious  and  toxic  to  man  and  animals  was  con- 
troversial from  about  1 760  to  the  early  part  of  the 
twentieth  century.  According  to  Burger  (38),  Tillet 
and  Imhof  claimed  that  chlamydospores  of  U.  maydis 
when  eaten  by  men  and  animals  or  when  introduced 
into  wounds  were  not  harmful.  Imhof  (156),  in  1784. 
ate  chlamydospores  before  breakfast  for  2  weeks  and 
introduced  them  into  wounds  and  used  the  spores 
as  snuff,  but  detected  no  injurious  effect.  Bonafous 
(25),  in  1936.  also  ate  chlamydospores  of  corn  smut 
without  ill  effect. 

According  to  Arthur  and  Stuart  (5),  Roulin.  in 
1829.  reported  that  corn  smut  was  very  injurious  to 
men  and  animals  in  the  low  land  in  Colombia.  South 
America;  whereas  it  could  be  eaten  without  deleterious 
effect  in  the  mountainous  upland.1  Corn  smut  has  been 
used  for  human  food  for  a  long  time  and  it  still  is  in 
some  of  the  Latin  American  countries  (2,  5.  211). 
Several  Mexican  publications  give  recipes  for  prepara- 
tion of  U.  maydis  dishes.  Martinez  (211)  states  that 
cuitlocoche  (smut  galls)  is  collected  in  the  field  and 
carried  to  the  market  to  sell.  Many  people  use  it  as 
food.  They  chop  it  into  pieces  and  then  fry  smut 
with  hot  peppers,  salt,  and  several  spices.  The  result- 
ing mixture  is  put  inside  of  "tortillas"  forming 
"quesadillas."  Obviously,  the  people  who  eat  and  relish 
corn  smut  do  not  consider  it  harmful. 

Recent  studies  show  that  corn  smut  can  cause 
human  diseases,  particularly  allergy.  Wittich  and  Stak- 
man (361i  and  Harris  (125)  proved  that  smuts 
including  corn  smut,  were  responsible  for  certain 
respiratory  allergies.  Preininger's  (268)  work  indi- 
cated that  corn  smut  was  the  cause  of  a  derma- 
tomycosis  in  man. 

Dragisic  and  Yaricak  (82)  and  Mayerhofer  and 
Dragisic  (213)  concluded  that  corn  smut  was  the 
cause  of  an  acrodynia-like  disease  in  children.  Later, 
this   type   of  poisoning  was   called   "Ustilagism"    (82). 

Several  investigators  have  attempted  to  isolate  the 
toxic  material  produced  by  U.  maydis.  According  to 
Arthur  and  Stuart  (5),  several  of  the  early  workers 
thought  the  active  principle  had  some  resemblance 
to  the  toxin  in  ergot.  Rademaker  and  Fischer  (269) 
called  the  alkaloid  substance  "ustilagin.'*  Other  chem- 
ists could  not  verify  their  findings.  Mitchell  (228) 
found  that  an  extract  from  the  chlamydospore  acted 
on  the  nervous  system  of  frogs,  the  action  being  some- 
what similar  to  potassium  bromide. 

Some  of  the  investigators  did  not  use  pure  cultures 
of  U.  maydis  and  some  were  not  aware  of  the  tremen- 
dous genetic  variation  within  the  species  of  U.  maydis. 
This  could  lead  to  differences  in  results.  Further,  the 
smut  galls  produced  in  nature  often  harbor  many 
foreign  species  of  fungi  and  bacteria  and  these  im- 
purities in  the  material  also  may  help  to  account  for 
some  of  the  conflicting  results. 

Most  of  the  early  reports  on  the  injuriousness  of 
corn  smut  spores  to  animals  were  not  based  on  ade- 

1  Since  this  paper  was  written,  ergot  has  been  reported 
on  corn  in  Mexico.  Thus  it  is  possible  that  erratic  effects 
of  toxicity  from  corn  smut  could  arise  from  ergot  mixed 
with  smut.  [Fuentes,  S.,  Maria  de  Lourdes  de  la  Isla,  A. 
J.  Ullstrup.  and  A.  E.  Rodriguez.  1962.  Ergot  of  maize  in 
Mexico.    (Abstr.)    Phytopathology    52:733.] 
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quate  experimental  data.  Therefore,  some  of  the 
harmful  effects  might  have  been  due  to  other  causes. 
Arthur  and  Stuart  ( 5 )  give  a  most  comprehensive 
review  of  the  early  work  on  this  subject.  The  long 
list  of  publications  indicates  the  interest  in  this  sub- 
ject at  the  turn  of  the  last  century.  Corn  smut  was 
suspected  of  causing  general  weakness,  falling  out  of 
hair,  abortion,  convulsions,  paralysis,  and  even  death 
of  animals  (5).  The  so-called  corn-stalk  disease  of 
cattle  also  was  attributed  to  corn  smut  (5).  Recently. 
Ivanoff  i  165 1  attributed  bronchopneumonia  of  cattle 
in  Bulgaria  to  corn  smut. 

Much  of  the  data  on  injurious  effect  of  feeding 
corn  smut  is  still  contradictory.  The  preponderance 
of  evidence  indicates  that  fairly  large  quantities  of 
corn  smut  can  be  fed  to  cattle,  horses,  and  other 
animals  without  any  apparent  ill  effect  (5).  In  1921, 
Ficke  and  Melchers  ( 94 )  fed  large  quantities  of  corn 
smut  to  cows  and  horses  without  harmful  results. 
Some  cows  relish  the  smut  and  milk  production  was 
not  impaired. 

Smut  Control. — Many  attempts  have  been  made 
to  control  corn  smut  by  eradication,  such  as  seed 
treatment  and  destruction  of  smut  galls:  protection  by 
spraying  with  chemicals  and  application  of  biological 
agents:  cultural  practices  involving  crop  rotation  and 
application  of  fertilizers:  and  '"immunization."  the 
development  of  resistant  varieties. 

Seed  treatment. — All  attempts  to  control  corn  smut 
by  seed  treatment  have  failed  (5).  Therefore,  this 
subject  is  chiefly  of  historical  interest.  Although  Tillet 
(335)  and  others  (5.  25.  34)  proved  that  smutty 
seed  did  not  produce  smutty  plants,  seed  treatment  to 
control  smut  was  recommended  until  about  1900  (5). 
To  what  extent  it  was  actually  practiced  is  not  known. 

Most  of  the  experiments  on  seed  treatment,  at  lea^t 
in  the  U.S.A..  were  initiated  before  Brefeld's  classic 
work  on  life  history  of  corn  smut  was  generally 
known. 

Bonafous  (25).  agriculturist  during  the  early  part 
of  the  nineteenth  century,  suggested  treatment  of 
corn  with  quicklime,  marine  salt,  potash,  and  other 
compounds  for  control  of  corn  smut.  Kiihn  (see  5). 
as  late  as  1879.  recommended  soaking  corn  seed  in  a 
0.5%  solution  of  copper  sulfate  and  this  soon  became 
a  standard  recommendation  for  control  of  corn  smut. 

In  the  U.S.A..  Henry  (133).  in  1883.  reported  that 
seed  treatment  with  copper  sulfate  and  with  carbolic 
acid  gave  no  smut  control.  Arthur  and  Stuart  like- 
wise failed  to  reduce  smut  by  treating  the  seed  with 
a  solution  of  copper  sulfate  and  ammoniacal  cupric 
carbonate.  Arthur  and  Stuart  (5)  and  Stewart  i327> 
made  extensive  studies  on  treatment  of  seed  with  hot 
water  in  an  attempt  to  control  smut.  All  tests  on  seed 
treatments  were  negative.  [For  additional  references 
on  seed  treatment,  see  Arthur  and  Stuart   (5).] 

U.  maydis  is  readily  carried  on  corn  seed;  con- 
sequently, infested  seed  lots  could  easily  be  one  method 
of  long-distance  dissemination  of  the  pathogen.  There- 
fore, it  would  be  advisable  to  treat  seed  with  a  good 
fungicide  before  it  is  introduced  in  smut-free  areas 
or  countries  such  as  Australia. 

Sanitation. — For  almost  200  years,  removal  and 
destruction  of  corn  smut  galls  were  recommended  by 
manv  to  reduce  corn  smut   (5.  25  i.  During  the  earlv 


part  of  the  nineteenth  century,  the  European  writers 
stated  that  cutting  away  the  young  gall  would  help 
to  prevent  the  weakening  of  the  plants:  somewhat 
later,  the  purpose  also  was  to  reduce  the  inoculum. 
This  practice  of  smut  removal  was  also  strongly 
recommended  in  the  U.S.A..  especially  late  in  the 
nineteenth  century  and  the  early  part  of  the  twentieth 
century.  In  fact,  it  is  still  commonly  recommended 
especially  for  sweet  corn  in  small  gradens.  There  is 
no  adequate  experimental  proof,  however,  that  such  a 
practice  is  of  any  value,  especially  in  a  region  where 
the  pathogen  is  common. 

The  cutting  and  ensiling  of  green  corn  also  have 
been  suggested  as  a  partial  control  method,  primarily 
because  Piemeisel  1 260.  261)  proved  that  the  smut 
spores  were  destroyed  in  the  process  of  ensilage. 

Crop  rotation. — Crop  rotation  has  also  long  been 
recommended  as  a  means  of  reducing  the  amount  of 
corn  smut,  but  there  is  inadequate  evidence  to  support 
this  practice.  In  1896.  Hitchcock  and  Norton  (143) 
found  that  treatment  of  soil  with  chemicals  did  not 
reduce  the  prevalence  of  smut.  Selby  and  Hickman 
(  298  )  observed  more  smut  on  corn  growing  on  newly 
broken  sod  than  on  a  field  planted  to  corn  for  many 
years.  Wilcoxson  and  Covey  (357).  on  the  basis  of 
3-year  field  tests,  actually  obtained  a  lower  percentage 
of  tassel  smut  when  corn  followed  corn  than  when 
it  followed  a  cereal  crop.  The  cause  of  these  dif- 
ferences in  amount  of  smut  is  not  known. 

A  survey  of  the  literature  clearly  indicates  that  the 
severity  of  smut  cannot  be  attributed  to  a  particular 
agricultural  practice.  Wind  is  an  effective  carrying 
agent  for  both  chlamydospores  and  sporidia  and  this 
fact  must  not  be  overlooked  when  studying  crop 
sequences. 

The  successful  eradication  of  U.  maydis  from 
Australia  must  be  attributed  to  destruction  of  smut 
galls  and  infected  plants,  plus  the  prohibition  of 
growing  corn  in  the  infested  area.  This  is  an  excellent 
example  of  successful  eradication  of  a  destructive 
pathogen  after  it  became  established  in  a  new  country 
(207  i. 

Application  of  fertilizers. — Burger  (38),  as  early  as 
1809.  stated  that  too  much  manure  favors  the  develop- 
ment of  corn  smut.  Ever  since  the  early  work  of 
Brefeld  with  manure,  it  has  generally  been  assumed 
that  the  application  of  manure  to  the  land  increased 
the  prevalence  of  smut.  Botanists  (5,  36.  190)  con- 
sidered manure  a  suitable  medium  for  multiplication 
of  sporidia.  It  was  known  to  increase  vigor  of  the 
host  and  hence  was  thought  to  predispose  corn  to 
smut  infection.  Most  of  their  conclusions  are  based  on 
field   observations   and   on   meager   experimental   data. 

Starr's  (324)  work  indicated  that  the  commercial 
fertilizers  that  increased  vigor  also  tended  to  increase 
the  amount  of  smut.  Phosphate  used  alone  reduced  it. 

Schaffnit  and  Yolk  (288)  found  that  in  greenhouse 
tests  nitrogen  increased  susceptibility,  whereas  a  defi- 
ciency in  nitrogen  increased  resistance  to  smut.  Both 
an  excess  and  a  deficiency  in  potassium  increased 
susceptibility.  Yolk  (346)  found  that  an  excess  of 
XPK  favored  the  development  of  smut.  Greenhouse 
results  based  on  artificial  inoculation  are  not  necessarily 
good  criteria  of  field  resistance  to  corn  smut. 

Walter   (350).  on  the  basis  of  a  4-year  field  test. 
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concluded  that  manure  and  commercial  fertilizers 
used  separately  and  in  different  combinations  did  not 
alter  the  amount  of  smut.  This  was  also  true  when 
chlamydospores  were  added  to  the  manure.  Maze  and 
Maze   obtained   similar  results  in   Europe    (215). 

Cultural  practices. — Although  the  vigor  of  corn 
plants  may  be  greatly  increased  by  good  cultivation, 
there  is  no  clear  evidence  that  there  is  a  corresponding 
increase  to  the  prevalence  of  smut.  Selby  and  Hickman 
(298 1  obtained  no  effect  on  prevalence  of  smut  fol- 
lowing deep  and  shallow  cultivation,  whereas  Clinton 
(60  i  reported  an  increase  in  the  amount  of  smut  with 
repeated  tillage  of  the  soil. 

Kyle  I  194 >  found  that  "level-planted"'  corn  de- 
veloped more  'smut  than  "furrow-planted''  corn.  He 
attributed  this  to  differences  in  vigor  of  plants.  Wal- 
ter ('351  )  cultivated  corn  plots  by  3  different  methods 
for  3  growing  seasons.  In  spite  of  differences  in  vigor 
of  plants,  the  smut  was  no  more  severe  in  the  culti- 
vated than  in  the  noncultivated  plots. 

Spraying. — Kellerman  (177),  in  1891,  was  perhaos 
the  first  to  claim  partial  control  of  corn  smut  by 
spraying  the  plants  with  a  fungicide.  Smut  infection 
was  reduced  from  llf;  to  ~,r',  .  Stuart  (329),  in  1895. 
and  Arthur  and  Stuart  (5),  in  1896.  reduced  the  smut 
with  Bordeaux  mixture  and  ammoniacal  copper 
carbonate.  The  more  frequent  the  application  of  spray 
the  greater  the  reduction  in  smut.  Ten  sDrays  with 
the  Bordeaux  mixture  decreased  smut  by  72fr.  Their 
results  do  not  indicate  whether  the  yield  of  grain  was 
increased. 

Potter  and  Melchers  (266)  concluded  that  partial 
smut  control  with  fungicidal  sprays  caused  spray- 
injury  to  the  plants.  A  decrease  in  prevalence  of  smut 
also  resulted  in  a  corresponding  decrease  in  yield.  They 
believed  that  chemical  injury  reduced  vegetative  activ- 
ity of  the  host  and  hence  a  decrease  in  smut  infec- 
tion and  a  reduction  in  grain  yield. 

Pepper  and  Haenseler  (253)  eliminated  from  half 
to  all  ear  smut  by  the  use  of  dusts  containing  either 
rotenone  or  nicotine.  The  insecticides  were  actually 
used  to  control  the  European  corn  bo-er.  but  Baskin 
(11)  found  no  association  between  the  prevalence  of 
European  corn  borer  and  the  incidence  of  smut.  Baskin 
also  found  that  certain  insecticides  and  fungicides 
reduced  smut  infection:  Zerlate  i  zinc  dimethyldithio- 
carbamate  i  and  Fermate  i  ferric  dimethyldithiocarba- 
mate  i  were  most  efficient.  These  results  suggest  that 
insects  may  be  important  agents  in  dissemination  of 
inoculum,  in  creating  avenues  of  entrance  for  the 
pathogen,  or  both.  Unfortunately,  very  little  research 
has  been  done  on  the  role  of  insects  in  relation  to 
epiphytotics  of  corn  smut.  This  subject  is  in  need  of 
research. 

Since  much  of  the  smut  infection  apparently  occurs 
through  the  leaf  whorl  which  often  harbors  chlamydo- 
spores and  sporidia  of  U.  maydis,  proper  application 
of  a  good  fungicide  should  be  an  effective  means  of 
reducing  smut  infection.  Naturally,  the  compound 
used  should  be  nonphytotoxic  to  the  corn  yet  inhibit 
the  germination  of  spores  or  kill  the  promycelia.  The 
material  used  by  the  early  investigators  did  not  possess 
these  properties. 

The    use   of   antibiotics    also    should    not    be    over- 


looked. Bamberg's  experiment  with  living  bacteria 
suggests  control  by  biological  methods  (7.  8).  Miss 
Benigni  (18)  claims  to  have  induced  temporary  im- 
munity by  vaccination. 

Biological  control. — Microbiological  antagonism  may 
play  a  very  important  role  in  limiting  the  prevalence 
of  U.  maydis  in  nature.  Fungi  and  bacteria  are  often 
common  cohabitants  in  smut  galls.  They  are  also 
commonly  associated  with  U.  maydis  in  the  axils  of 
leaves  along  with  dirt  and  plant  debris.  Some  smut 
galls  become  thoroughly  infested  with  bacteria  and 
species  of  Penicillium,  Aspergillus,  Mucor,  Trichothe- 
ciian,  and  other  fungi.  To  what  extent  these  are 
parasitic  on  smut  spores  is  not  known.  Deckenbach 
7h  i  stated  that  Oospora  virticillioides  Sacc.  is  para- 
sitic on  U.  maydis.  Sometimes,  the  consistency  of  smut 
galls  is  greatly  modified  by  the  presence  of  bacteria 
and  the  percentage  of  germination  of  the  chlamydo- 
spores may  be  very  low.  In  1930.  Bamberg  (&) 
isolated  a  bacterium  from  corn  that  destroyed  colonies 
of  U.  maydis.  Later,  he  found  additional  bacteria 
that  were  also  antibiotic  to  U.  maydis.  When  the  bac- 
terial suspension  was  introduced  into  the  gall,  chlamydo- 
spore  formation  was  inhibited.  The  mixing  of  bacteria 
with  sporidia  before  injection  into  the  corn  plant 
materially  reduced  the  amount  of  infection.  Miss  John- 
son (168)  isolated  4  species  of  bacteria,  including  a 
Myxobacterium,  that  were  antibiotic  against  V.  maydis. 

In  1948.  Cercos  (46)  described  a  new  species  of 
bacterium.  Flaiobacterium  ustilagophagum,  which  was 
very  antibiotic  to  U.  maydis.  From  Bacillus  subtilis, 
Cercos  and  Favret  (47)  isolated  an  antibiotic  substance 
called  "fungocin."  It  was  lethal  in  small  dosages 
to   V.   maydis  growing  in  culture. 

Antagonism  is  not  one-sided,  as  U.  maydis  also 
produces  antibiotics  that  inhibit  the  growth  of  other 
organisms.  Haskins  (126)  found  that  when  U .  maydis 
was  grown  in  liquid  culture  it  produced  2  antibiotic 
substances:  one  of  these  was  active  against  several 
bacteria,  the  other  against  several  fungi.  Haskins  (126) 
designated  these  as  "Ustizeain  A  and  B":  later. 
Haskins  and  Thorn  i  127)  changed  the  term  to 
"Ustilagic  acid." 

One  must  assume  that  in  nature  V.  maydis,  particu- 
larly the  saprophytic  stage,  is  subject  to  constant 
biological  warfare.  This  struggle  must  be  especially 
acute  in  areas  of  rich  organic  material,  either  in  the 
soil  or  in  the  leaf  whorls.  This  may  be  one  of  the 
reasons  why  smut  is  most  destructive  in  the  semi- 
arid  regions.  The  subject  of  biological  control  is  very 
much  in  need  of  basic  research. 

Development  of  resistant  varieties. — Varietal  resist- 
ance.— At  present,  the  only  feasible  and  practical 
means  of  controlling  corn  smut  is  by  growing  resistam 
varieties.  It  has  been  known  for  a  long  time  that 
varieties  of  corn  differed  in  their  susceptibility  to 
smut.  Hitchcock  and  Norton  (143  ».  in  1396.  observed 
considerable  differences  in  percentage  of  smut  on  46 
open-pollinated  varieties  of  corn.  No  variety  was 
immune.  In  1900.  both  Clinton  (60)  and  Arthur  and 
Stuart  i  5  I  reported  that  sweet  corn  was  especially 
susceptible  to  smut.  Clinton  1 60 1  believed  that 
varieties  late  in  maturity  and  rank  in  growth  were 
most  likelv  to  become  smuttv.  In  more  recent  times. 
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marked  differences  in  susceptibility  among  open-pol- 
linated varieties  have  been  reported  by  many  investi- 
gators (57.  107,  129,  158).  It  is  well  known  that  most 
field  varieties  of  corn  now  grown  in  the  U.S.A.  are 
much  more  resistant  than  the  old  open-pollinated 
varieties,  whereas  most  varieties  of  sweet  corn  are  still 
quite  susceptible. 

Jones  (173).  in  1918,  was  the  first  to  demonstrate 
that  inbred  or  selfed  lines  of  corn  derived  from  the 
same  parental  variety  differed  greatly  in  their  suscepti- 
bility to  smut.  Since  then,  it  has  been  shown  many 
times  that  inbred  lines  of  corn  can  be  produced  easily 
with  every  degree  of  resistance  to  smut  (129.  158, 
174). 

Breeding  for  resistance. — Several  workers  have 
studied  the  inheritance  of  resistance  to  smut  in  corn. 
Jones  was  the  first  one  to  make  crosses  betwen  long- 
time inbred  lines  that  differed  in  smut  reaction.  Resist- 
ance to  smut  was  dominant  in  Fx  and  segregation  for 
resistance  occurred  in  F2.  Hayes,  et  al.  (129)  found 
crosses  between  resistant  and  susceptible  lines  inter- 
mediate in  reaction,  whereas  resistant  X  resistant 
lines  gave  an  Fx  slightly  more  resistant  than  either 
parent.  Immer  and  Christensen  (158),  Immer  (157), 
and  Hoover  (148)  also  found  that  FT's  from  crosses 
between  selfed  lines  that  differed  in  smut  reaction 
were  usually  intermediate  in  reaction.  Immer  (157) 
did  find  a  few  cases  of  apparent  dominance  of  resist- 
ance to  susceptibility.  Immer  and  Christensen  (161) 
found  that  the  Fv  progeny  from  a  composite  cross 
made  of  7  low-smut  lines  and  1  medium-smut  line 
were  predominantly  less  susceptible  to  smut  than  the 
most  susceptible  parent. 

Linkage  groups  have  been  used  by  Immer  (157). 
Hoover  (148),  and  Saboe  and  Hayes  (283)  to  study 
inheritance  of  smut  reaction  in  maize.  Burnham  and 
Cartledge  (40)  used  chromosomal  translocation  as  a 
means  of  studying  inheritance  of  resistance  to  smut. 
Hayes,  et  al.  (128)  by  back-crossing  a  smut-susceptible 
line  with  smut-resistant  line  obtained  improved  lines 
that  were  highly  resistant  to  smut.  Further  studies 
are  necessary  before  concluding  how  many  factors  are 
involved.  Genetic  studies,  plus  the  rapidity  with  which 
inbred  lines  become  homozygous  for  smut  reaction, 
indicate  that  a  relatively  small  number  of  factors 
determine  smut  reaction.  Naturally,  the  breeding 
of  smut-resistant  varieties  would  be  helped  materially 
if  the  genotypes  of  the  host  for  smut  resistance  and 
the   characters   involved   in    resistance   were   known. 

Nature  of  Resistance. — Little  is  known  regarding 
the  basic  nature  of  resistance  of  corn  to  smut  and 
the  interaction  between  the  pathogen  and  the  host. 
Smut  resistance  appears  to  be  associated  with  func- 
tional, physiological,  and  morphological  characters  of 
corn  plants. 

There  are  many  conflicting  statements  about  the 
relative  susceptibility  of  corn  at  different  stages.  Some 
say  the  plants  are  most  susceptible  at  25  cm  high: 
others,  at  1  m;  still  others  observed  no  difference 
(  5.  34,  35,  260).  Although  young  seedlings  usually 
escape  infection  in  the  field,  all  varieties  and  lines  of 
corn  are  extremely  susceptible  when  inoculated  by  the 
partial  vacuum  method  or  by  the  hypodermic  syringe 


method.  Young  seedlings  that  become  infected,  whether 
in  the  field  or  in  the  greenhouse,  usually  are  killed 
(118,  157,  170).  They  appear  to  be  less  susceptible 
as  they  grow  older.  By  the  time  the  plants  become 
about  15  or  more  cm  high,  they  react  very  differently 
to  different  dicaryons  of  the  smut  fungus,  whether 
grown  in  the  field  or  greenhouse  (161).  This  is  also 
the  stage  of  growth  most  efficient  in  distinguishing 
physiologic  races  (59).  Obviously,  these  differences  in 
smut  reaction  among  selfed  lines,  when  artificially 
inoculated  by  the  hypodermic  syringe  method,  must  be 
considered  physiological.  Ranker  (270.  2  71)  believed 
that  smut  resistance  was  physiological.  He  found  that 
U.  maydis  grew  better  in  extract  of  leaves,  husks,  and 
stalks  from  susceptible  selfed  lines  than  from  resistant 
lines.  He  called  the  toxic  agent  a  smut  inhibitor. 

It  seems  likely  that  young  seedlings  in  nature  tend 
to  escape  infection  because  the  inoculum  cannot  readily 
reach  the  meristematic  tissue.  Some  believe  that  corn 
plants  in  the  field  continue  to  escape  infection  until 
just  before  tasseling  because  of  the  tightness  of  the 
leaf  whorl.  Most  investigators  (5,  25,  351)  have  not 
secured  good  or  consistent  infection  by  spraying  of 
seedlings  with  a  suspension  of  sporidia  or  chlamydo- 
spores.  This  type  of  resistance  may  be  considered 
functional  and  morphological. 

Griffiths  (118)  and  Platz  (263)  believed  that  the 
relative  accessibility  of  the  growing  tip  when  the  plants 
are  about  1/3  m  tall  determines  their  reaction  to  smut. 
Walter  (351  )  found  no  association  between  the  relative 
heights  of  growing  tips  in  the  leaf  whorls  of  81  lines 
of  corn  and  their  reaction  to  smut. 

Morphology  no  doubt  plays  an  important  role  in 
factors  influencing  both  infection  and  development  of 
smut.  Immer  (157)  and  Hoover  (148)  suggested  that 
certain  morphological  characters,  such  as  lack  of 
ligules  on  the  leaves,  may  be  associated  with  the 
location  of  smut  on  the  plant.  Kyle  (193)  found  an 
association  between  tightness  of  the  husk  and  resist- 
ance to  ear  smut.  According  to  Davis  (72.  73)  and 
Platz  (262).  latent  smut  infection  of  bud  shoots  is 
not  uncommon  in  corn,  because  of  retardation  of  the 
growth  tissues.  Penetration  of  the  host  tissues  that 
are  too  old  for  smut  development  has  been  observed. 
Therefore,  rapidity  by  which  certain  tissues  mature 
also  may  influence  gall  formation.  Walter  (351)  found 
no  association  between  the  resistance  of  leaves  to 
puncture  as  measured  by  the  Joly  balance  and  smut 
reaction  in  selfed  lines  of  corn. 

Since  there  are  so  many  parasitic  races  and  biotypes 
of  U.  maydis,  future  studies  should  continue  to  em- 
phasize generalized  field  resistance.  Lines  and  varieties 
of  corn  should  be  selected  on  the  basis  of  their  ability 
to  withstand  natural  infection  in  the  field. 

References  and  Bibliography. — There  is  a  vast 
amount  of  literature  on  the  subject  of  corn  smut. 
I  excluded  many  papers  which  contributed  little  or 
nothing  of  importance  concerning  the  history  or  biology 
of  the  pathogen  such  as  popular  and  semipopular 
articles,  especially  those  on  distribution  and  prevalence 
of  the  smut,  on  control  methods,  and  on  the  toxicity 
of  smut  spores  to  animals.  The  papers  are  given  in 
alphabetical  order. 
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